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ABSTRACT

Rhizophytic algae are large, abundant primary producers throughout tropical and
subtropical areas worldwide where they grow as an understory in seagrass beds, as well
as form mixed or monospecific beds of exclusively rhizophytic algal species. In this
dissertation, “rhizophytic algae” refers to coenocytic green algae (Chlorophyta) in the
order Bryopsidales that use a net of rhizoids to anchor in unconsolidated sediments. In
the development of seagrass beds, rhizophytic algae colonize bare patches and are
thought to facilitate seagrass colonization by stabilizing sediments and providing organic
matter. However, despite their prominence little is known about many aspects of the
ecology of rhizophytic algae.
Detailed information on the abundance and biomass of rhizophytic algae at the
species level is scarce and the belowground components are seldom quantified.
Moreover, rhizophytic algal communities located along the central west coast of Florida
have received very little study. At three shallow coastal sites in the Lower Florida Keys
and one on the central west coast of Florida, I measured the abundance, biomass, organic
content, and morphometric features of the above- and belowground portions of all
rhizophytic algal species present along transects in seagrass-algal bed habitat. Relatively
diverse assemblages of these algae were present both in areas with and without a seagrass
canopy, though dense (≥ 50%) seagrass cover correlated with decreased algal richness.
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Rhizophytic algal densities at Keys sites ranged from 68 - 143 thalli m-2 with total dry
weights of 76.4 - 226.7 g m-2 with only calcified species present. The west coast of
Florida site had the highest aboveground organic biomass (180 g m-2), the highest
abundance of rhizophytic algae (365 thalli m-2), and abundant uncalcifed algae of the
genus Caulerpa. Morphometric characteristics varied within a species among sites and
may reflect differences in abiotic variables such as sediment grain size. The anchoring
structures of these algae, made up of fine rhizoids and attached sediment, occupied up to
5.3% of the total volume of the top 5 cm of substrate. My results indicate that across
rhizophytic algal species, even within a genus, the production of belowground structure
and potential influence on ecosystem function is highly variable and not necessarily
related to the aboveground biomass. These results provide new information on
belowground structure provided by rhizophytic algal species and characterize the
rhizophytic algal community on the central west coast of Florida.
The role of rhizophytic algae in seagrass bed succession has been recognized, but
little is known about the rate and species composition of colonization of recently created
bare patches. In a series of field experiments at three sites on the central west coast of
Florida, recruitment by rhizophytic algae into created cleared areas was rapid and
dominated by two species of Penicillus and Udotea flabellum. In three weeks, rhizophytic
algae were able to recruit, grow to their full height, and bind sufficient sediment to create
full-sized holdfasts. Additional field experiments described here show thalli of all of the
rhizophytic algal species tested (three species in three genera) were able to regenerate
from holdfasts (with small stubs of stipe attached) in a matter of weeks. Overall, my
results suggest that belowground structures play a key role in recolonization by, and
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recovery of, rhizophytic algae after disturbance and are likely important to the long-term
persistence of these algal populations.
Bryopsidalean algae often have high concentrations of defensive compounds
inside their thalli and these terpenoid secondary metabolites possess anti-fouling
capability in laboratory tests. Because fouling is ubiquitous in marine environments and
epibonts have harmful effects on their hosts, researchers have proposed that rhizophytic
algae use these compounds to prevent fouling. For this to be an effective strategy, the
compounds must be presented to potential colonizers on the external aboveground
surfaces. Thus, I examined the chemistry of rhizophytic algal surfaces using extractions
that avoid mechanical damage. Secondary metabolites were not detected in the surface
extracts of four species while these compounds were detected in the whole plant extracts.
My results, coupled with previous studies on the degradation of these metabolites in
seawater and the presence of fouled plants in the field, and suggest non-polar secondary
metabolites are not deployed onto the surfaces of rhizophytic algae as a defense against
fouling.
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CHAPTER ONE
A SYNOPTIC REVIEW OF THE ECOLOGY OF RHIZOPHYTIC GREEN ALGAE

Rhizophytic Algae and Rhizoids:
Truly rhizophytic (or rhizobenthic) algae anchor in the sediments directly by
means of a single massive holdfast made up of rhizoids and attached sediment particles or
by numerous sediment-binding rhizoid clusters present at intervals along stolons (as in
Caulerpa) rather than attaching to a hard substrate such as pebbles or shells present in the
sediments (Raven 1981). Seaweeds utilizing this type of attachment are primarily of the
order Bryopsidales (= Caulerpales) and include common genera like Caulerpa,
Halimeda, Penicillus, Udotea, Rhipocephalus, Avrainvillea, and Cladocephalus (Littler
and Littler 2000). Some members of the Dasycladales, such as Batophora and
Acetabularia occur in areas with unconsolidated sediment, but anchor to buried shells
that are easily dislodged by currents (Scoffin 1970). Other algal components of the
rhizobenthos could possibly include mat-forming algae such as Vaucheria or
Enteromorpha that produce mucilage that binds sediments and possibly some
cyanobacterial species that grow in a similar fashion, but bind sediment less strongly
(Scoffin 1970, Raven 1981). Only members of the Bryopsidales will be considered in this
dissertation under the moniker “rhizophytic algae”.
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Rhizoids are fine colorless siphonous branches of the thallus that can be used to
anchor in soft sediments or to hard substrates. Adhesive polypeptides exuded from the
rhizoids of Caulerpa prolifera, grown in laboratory culture, have been identified (Levi &
Friedlander 2004) and the “mucilaginous adhesion” of sediment particles to Halimeda
spp. rhizoids has been observed with scanning electron microscopy (Multer and Votava
1992). It is unknown if such compounds are excreted by other genera of bryopsidalean
algae, but the ecological role of rhizophytic in stabilizing sediments as they colonize
future seagrass beds has been recognized (Williams 1990). The importance of the
holdfasts of rhizophytic algae as habitat structure for infaunal animals has not yet been
investigated.
Not only do these rhizoids anchor rhizophytic algae in the sediments, they also
function in nutrient uptake (Williams 1984) in a manner convergent with seagrass roots
(Littler et al. 1988). This strategy differentiates the rhizophytes from most other benthic
macroalgae which are multicellular haptophytes that attach to hard surfaces. Multicellular
haptophytes lack vascular tissue for the efficient transport of nutrients around the thallus
and take up nutrients exclusively from the water column (Raven 1981). All of the
bryopsidalean algae are coenocytic or siphonous in construction, meaning the thallus is
made up of tubular filaments without crosswalls and the plants are effectively large
multinucleate cells with cytoplasmic streaming (Dawes and Barilotti 1969, Raven 1981).
This movement of the cytoplasm around the thallus allows nutrients present in the
interstitial water to be absorbed by the rhizoids and then utilized by the aboveground
portions of the plant (Raven 1981, Williams 1984). The adaptations of “rooting” and
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nutrient uptake in unconsolidated sediments make rhizophytic algae unique among the
algae and important to the ecology of soft-bottom habitats.

The Importance of Rhizophytic Algae:
Bryopsidalean algae are a diverse group of large and abundant primary producers
in tropical and subtropical regions of the world (Kerswell 2006). The psammophytic
species of bryopsidalean algae, rhizophytic algae, are responsible for a large amount of
primary production in seagrass beds and in areas with soft bottoms without seagrasses
(Payri 1988, Garrigue 1995). Calcified species of bryopsidalean algae (e.g. the abundant
genera Halimeda, Penicillus, and Udotea) are major carbonate contributors (Wefer 1980,
Ries 2009) and both calcified and uncalcified taxa produce secondary metabolites
(terpenoids) which function as deterrents against herbivory, show anti-microbial/fungal
action in laboratory tests (Paul and Fenical 1986, Puglisi et al. 2004) and are being tested
for medical and industrial uses (Smit 2004). As rhizophytic algae form an important
understory in seagrass beds (Stoner and Lewis 1985) and seagrass habitats are of high
priority for conservation because of their high biodiversity and importance to fisheries
fish habitat (Duarte 2002), it is important that the structure and function of rhizophytic
algal communities be investigated more thoroughly.
Rising ocean temperatures and ocean acidification threaten calcareous algae and
their associated communities. Reduced production and calcification by Halimeda and
other rhizophytic algae would reduce sediment turnover and the sequestration of carbon
dioxide into calcareous deposits (Nelson 2009, Sinutok et al. 2011). In addition to the
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biogeochemical importance of rhizophytic algae and the current threats to their role in
global carbon cycles, some invasive species of rhizophytic algae have been regarded as
threats to the benthic communities they invade. Recent Caulerpa and Avrainvillea
invasions (Boudouresque et al. 1995, Williams 2007) and the general proliferation of
rhizophytic macroalgae in increasingly disturbed coastal ecosystems (Collado-Vides et al.
2005), highlight why it is especially important to understand the mechanisms by which
rhizophytic algae reproduce and colonize sediments.

Rhizophytic Algae, Succession, and Interactions with Seagrasses:
Because rhizophytic algae commonly occur in seagrass beds and produce a
significant portion of the biomass produced therein, their interactions with seagrasses
merit interest. As noted previously, one of the most often cited ecological roles of
rhizophytic algae is their facilitation of seagrass bed development in sandy or muddy
bottoms (den Hartog 1971, Williams 1990). Patches that have been disturbed and are
devoid of vegetation have lower organic matter and nutrients than vegetated areas
(Dawes et al. 1997). Rhizophytic algae are able to colonize these bare areas (generally
caused by sediment deposition or erosion from storms), binding sediments and adding
organic matter through their decomposing thalli, thus aiding the establishment of
seagrasses (Scoffin 1970, Williams 1990, Fourqurean and Rutten 2004). The importance
of rhizophytic algae (especially heavily calcified Halimeda spp.) in “bottom building”
and sediment accretion has been noted by several authors (Drew 1983, Birch and Birch
1984, Payri 1988). Moreover, rhizophytic algal species are able to colonize newly cleared
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bare patches more quickly than seagrasses (Williams 1990, Stafford and Bell 2006). But
colonization/succession of rhizophytic algal beds is poorly represented in the literature
with the exception of limited information on chronosequence development of seagrass
beds. Within the rhizophytic algae some species-specific differences in colonization rate
have been recorded. Patriquin (1975) noted that Udotea cyathiformis and Caulerpa spp.
were earlier in the successional sequence than Halimeda incrassata which in turn
preceded H. opuntia.
After initial colonization by rhizophytic algae (and early successional seagrasses)
it is thought that in fully mature seagrass beds, climax species of seagrass such as
Thalassia testudinum and Posidonia oceanica will occupy all suitable niches (den Hartog
1971). The belowground portions of these climax seagrasses penetrate deep into the
sediments, thus areas of shallow sediment cannot support them. In these areas of shallow
sediment hizophytic algae and early-successional seagrass species are present (Birch and
Birch 1984, Zieman et al. 1989). However in many areas, rhizophytic algae and
seagrasses co-exist in areas with suitable sediments for decades (Williams 1990). A very
limited amount of experimental work has been conducted on the interactions of native
rhizophytic algal species with seagrasses, while somewhat more attention has been
devoted to the impacts of invasive species of Caulerpa on native seagrasses (de Villèle
and Verlaque 1995, Davis and Fourqurean. 2001, Dumay et al. 2002, Taplin et al. 2005).
When both rhizophytic algae and seagrasses are present in a mature community,
which is the superior competitor? As both seagrasses and rhizophytic algae are rooted
macrophytes, it is likely they compete for light and/or nutrients. In a long term study it
was noted that once T. testudinum had become well-established, the abundances of
5

rhizophytic algae and the earlier-successional seagrass Syringodium filiforme declined
but did not disappear (Williams 1990). An experimental study on competition between T.
testudinum and H. incrassata indicated the presence of the seagrass decreased algal size
and growth rate, while the presence of the alga decreased the size of the seagrass only
slightly (Davis and Fourqurean 2001). However, even within the limited number of
studies available on seagrass-rhizophytic algal interactions there is disagreement on
relative competitive ability. Caulerpa prolifera negatively impacted the earlysuccessional seagrass Halodule wrightii in one experimental study and Halimeda opuntia
was observed to outcompete Cymodocea serrulata in another (Taplin et al. 2005, Birch
and Birch 1984). Clearly, species identity and site specific environmental conditions may
influence the outcome of competition among rhizophytic algal and seagrass species and,
at the very least, much more information is needed on the use of resources by these
submerged plants in areas of spatial overlap.

Other Community Level Interactions:
The interactions of native rhizophytic algal species with organisms other than
seagrasses are also not well studied. However, because of their interesting secondary
chemistry, rhizophytic algae have been the subject of studies on herbivory in general and
feeding assays in particular. It appears that rhizophytic algae are generally not preferred
by herbivores, with a few exceptions that include sacoglossans and parrotfishes. Virtually
all species of bryopsidalean algae produce toxic terpenoid metabolites (Paul and Fenical
1986). These compounds are toxic or deterrent towards microbes; sea urchin fertilized
eggs, sperm, and larvae; herbivorous fish; and juvenile conch. The metabolites are
6

concentrated in new tissue (growing tips) and reproductive structures (gametangia). The
concentration (percentage of dry weight) of secondary metabolites varies among
individual plants, as well as among habitats of high and low herbivory, with rhizophytic
algae from seagrass beds containing a lower concentration of metabolites than those from
coral reefs (Paul and Fenical 1986, Paul and Van Alstyne 1988a).
In addition to producing toxic secondary metabolites, many rhizophytic algae
produce aragonite, a crystal form of calcium carbonate. This calcification is external to
the algal cell wall and has largely been considered an adaptation for survival in areas of
high herbivory (Friedmann et al. 1972, Littler and Littler 1980). The large amount of
calcium carbonate (sometimes > 90% of dry mass) lowers the food value and increases
plant toughness which should result in reduced palatability and lower energetic yield for
grazers (Paul 1985, Littler and Littler 1980). Interestingly, among tropical algae a larger
percentage of calcified than uncalcified species produce toxic secondary metabolites
(Hay et al. 1994) and increasing calcification in an algal thallus decreases its resistance to
tissue loss by limpet radulae (Padilla 1989), indicating that calcification is not always an
adequate defense against herbivores. A study by Overholtzer and Motta (1999) reported
the juveniles of three parrotfish species in the Florida Keys preferred the highly calcified
Halimeda opuntia to other foods and took over 50% of all bites in the study from this
alga, predominantly from older portions of the plants. Older portions of Halimeda thalli
have lower concentrations of secondary metabolites and higher ash content/more
CaCO3/less food value (Hay et al. 1988). One of the major secondary metabolites of
Halimeda, halimedatrial, significantly deterred grazing by both parrotfishes and
surgeonfishes (Hay et al. 1988) and its deterrent capability is probably the reason the
7

juvenile parrotfishes in the study by Overholtzer and Motta (1999) preferred the older
more calcified, less-defended tissue. Similar deterrent effects have been found for
rhizophytic algal secondary metabolites (from Rhipocephalus and Udotea) on sea urchin
and amphipod feeding, indicating that secondary metabolites deter generalist herbivores
(Hay et al. 1994).
A unique group of specialist marine herbivores has evolved to feed solely on
siphonous green algae (mainly of the order Bryopsidales). Sacoglossans (opisthobranch
molluscs) are not only undeterred by the toxic secondary metabolites present in the young
tissue or gametangia of these algae, but they are able to sequester them in high
concentrations for their own defense against predators (e.g. carnivorous fish that would
predate them and herbivorous fish that could ingest them accidentally when feeding on
algae) and for the protection of their egg masses (Paul and Van Alstyne 1988b, Hay et al.
1990, Gavagnin et al. 1994). These sea slugs have feeding adaptations that indicate a
close evolutionary relationship with their algal prey, including: radulae with single
pointed teeth for piercing algal siphons, a suctorial feeding mode, and the ability to
sequester functional chloroplasts (Curtis et al. 2006, Pierce et al. 2006).
While few species of animals feed directly on rhizophytic algae, these algae
provide habitat for a number of invertebrate species and some fishes. As an understory in
seagrass beds, rhizophytic algae, not only boost macrophytes species richness but also
increase invertebrate richness. In one of the first studies examining rhizophytic algae as
habitat, Heck and Wetstone (1977) suggest that rhizophytic algae, alone and as an
understory to the seagrass Thalassia testudinum, provide protection for motile
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invertebrates from fish predators and in dense patches create habitats for animals that
require considerable shelter (e.g. alpheid shrimps and porcellanid crabs). The dense
filamentous capitula of Penicillus capitatus provide refuge for small crustaceans
(amphipods, isopods, etc.) from predators and are host to a large number individuals and
species (Stoner 1985). Similarly, Stoner and Lewis (1985) reported small epifaunal
crustaceans were more often associated with H. opuntia, a common understory alga in
Caribbean seagrass beds, than with overstory Thalassia testudinum, even when assessed
on a per surface area basis. This same study also reports that the presence of H. opuntia
as an understory doubles the macrophyte surface area compared with pure stands of T.
testudinum.
In addition to small crustaceans, a few slightly larger animals use rhizophytic
algae as habitat as well. The chemically defended Avrainvillea longicaulis is host to a
cryptic crab that escapes fish predation by living on and eating the alga (Hay et al. 1990)
and in South Africa, an endangered seahorse prefers Caulerpa filiformis to Zostera
capensis when both are available for use as a holdfast (Teske et al. 2007). Furthermore,
examinations of the faunal communities of native macrophytes beds made up exclusively
of rhizophytic algae are rare, but Fukunaga (2008) found a higher richness of epi-benthic
fauna and polychaetes inside a Halimeda kanaloana meadow than in neighboring sandy
areas. Similarly, Caulerpa prolifera mats were found to have higher abundances of
infauna than nearby unvegetated areas (Alphin et al. 1997). Though little information on
the habitat value of native rhizophytic algae is available, the data I have demonstrate that
both within and outside seagrass beds rhizophytic algae can be important habitat.
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Organization of This Dissertation:
This study on the ecology of rhizophytic green algae focuses on three inter-related
topics in need of in-depth investigation. A brief overview of the proceeding chapters
follows below.
Chapter Two summarizes the results of transect surveys of mixed rhizophytic
algal-seagrass populations at shallow coastal sites in Florida, including one on the
seldom-studied central west coast of Florida. The data presented contributes detailed
information about the abundance, diversity, and biomass of rhizophytic algal populations
at the species level. The quantification of the volume and organic content of the
belowground structure produced by rhizophytic algae are the first assessments of their
kind.
Chapter Three describes a series of field experiments conducted on the central
west coast of Florida that examined regeneration of experimentally wounded thalli and
colonization of bare patches by rhizophytic algae after a simulated disturbance. The role
of belowground structures in the maintenance, spread, and long-term persistence of
rhizophytic algal populations through vegetative reproduction is elucidated.
Chapter Four addresses the secondary chemistry of rhizophytic algae, specifically
whether or not secondary metabolites are present on aboveground surfaces. Because
fouling is ubiquitous in marine environments, epibonts have harmful effects on their
hosts, and terpenoid secondary metabolites possess anti-fouling capability in laboratory
tests, many researchers have proposed that rhizophytic algae use their defensive
compounds to prevent fouling. To investigate whether or not such surface-mediated
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interactions are possible, I examined the chemistry of rhizophytic algal surfaces using
extractions that avoid mechanical damage.
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CHAPTER TWO
RHIZOPHYTIC ALGAL COMMUNITIES OF SHALLOW, COASTAL HABITATS IN FLORIDA:
COMPONENTS ABOVE AND BELOW THE SEDIMENT SURFACE

Introduction:
Rhizophytic algae (e.g., Caulerpa, Halimeda, Penicillus, Rhipocephalus, and
Udotea) are common macrophytes throughout tropical and subtropical areas worldwide
with soft sediments. These algae grow as an understory in seagrass beds, as well as form
mixed or monospecific beds of only rhizophytic algal species (Dawes 1998). Here
“rhizophytic algae” refers to coenocytic green algae (Chlorophyta) in the order
Bryopsidales that use a net of rhizoids (fine non-pigmented branches of the siphonaceous
thallus) to anchor in unconsolidated sediments (Anderson et al. 2006) and take up
nutrients from porewater in a manner similar to seagrasses (Williams 1984, Larned
1998). Studies reporting on the aboveground biomass of rhizophytic algal communities
have documented that community structure varies greatly with location, depth, and to
some extent, season and, notably in some places, the biomass of rhizophytic algae may
exceed that of seagrasses (Creed and Filho 1999, Garrigue 1995, Davis and Fourqurean
2001, van Tussenbroek and van Dijk 2007). Aboveground portions of the thalli of
Halimeda, Penicillus, Udotea, and Rhipocephalus have varying degrees of calcification
and susceptibility to herbivory (Paul and Hay 1986), while members of the genus
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Caulerpa are not calcified (Littler and Littler, 2000). These calcified genera are sediment
producers (Stockman et al. 1967, Wefer 1980, Nelson 2009). In addition to sediment and
primary production, rhizophytic algae provide habitat for epifauna and infauna
(Fukunaga 2008) and stabilize sediments (Scoffin 1970). In the development of
Caribbean seagrass beds rhizophytic algae colonize bare patches and are thought to
facilitate seagrass colonization through stabilizing sediments and providing organic
matter (Williams 1990).
While discussions of ecosystem functions of rhizophytic algae have been largely
based upon the contributions of the aboveground portions, the contributions of the
belowground portions (rhizoids and holdfasts) are seldom addressed. One ecological
function of holdfasts, the stabilization of sediments, may provide reduced susceptibility
to disturbance and enhanced habitat heterogeneity in a manner similar to that of other
biogenic structures that can dominate soft sediments [e.g., seagrass and tubeworms (Orth
1977, Woodin 1978, Larson et al. 2009)]. Few studies have examined the impacts of the
rhizoids and holdfasts of native rhizophytic algae on infauna, but the evidence to date is
consistent. Specifically, one study found significantly higher abundances of infaunal taxa
in mats of Caulerpa prolifera than in neighboring sand flats (Alphin et al. 1997) and
another reported a higher abundance, richness, and diversity of polychaetes in a
Halimeda meadow than in nearby bare sediments (Fukunaga 2008). Overall, assessment
of the role of rhizophytic algae in shallow water ecosystems is incomplete without
evaluation of belowground components.
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The holdfasts of rhizophytic algae are made up of rhizoids and the surrounding
sediment, and thus are only partly composed of organic matter. The rhizoids of Caulerpa
and Halimeda secrete proteinaceous glue and entrap sediment particles and it is likely
that other genera of bryopsidalean rhizophytic algae do as well (Multer and Votava 1992,
Levi and Friedlander 2004). Rhizophytic algal holdfasts take a couple of different forms:
Caulerpa spp. anchor in numerous locations via small rhizoid tufts arranged along the
horizontal stolon whereas other genera (e.g., Halimeda and Penicillus) generally anchor
themselves with a single bulbous holdfast in soft sediment environments. In comparison,
the holdfasts of multicellular algae also have rhizoids, but these only serve to anchor the
thallus to hard substrate (Tovey and Moss 1978) and do not function in nutrient uptake.
Biomechanical studies conducted on four species of sand-dwelling rhizophytic algae
report that holdfasts provide anchoring sufficient to resist removal by hydrodynamic
forces the thallus would normally encounter, although removal by extreme events such as
hurricanes may be likely (Collado-Vides et al. 1998, Anderson et al. 2006). Beyond these
studies and some measurements of holdfast depth (Scoffin 1970, Cruz-Palacios and van
Tussenbroek 2005), little attention has been directed at quantifying the features and
extent of underground structure provided by this diverse group of submerged vegetation.
Yet, the information available on the functions of rhizoids and holdfasts suggests that the
roles these belowground structures play in the nutrition, anchoring, and vegetative
reproduction of rhizophytic algae may be similar to that of the roots and rhizomes of
seagrasses and similar to the anchoring and regenerative functions of the holdfasts of
multicelluar macroalgae, thereby meriting closer scrutiny.
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My study examines the rhizophytic algal flora at four shallow coastal locations in
Florida (Figure 2.1), uniquely quantifying both the aboveground and belowground
components of the rhizophytic algal assemblage at the species level. One site is located
on the central west coast of Florida, an area in which the rhizophytic algal community has
received very little study; the three remaining sites are located in the Florida Keys where
rhizophytic algae have received more attention. My specific objectives were to 1) record
patterns of abundance of rhizophytic algal species and co-occurring seagrasses, 2)
quantify the biomass of aboveground algal material, the occupation of belowground
space, and organic content of holdfasts and 3) compare these features among sites.
Additionally, I compared morphometric parameters of each rhizophytic algal species
among sites to investigate patterns of variation that might be consistent with differences
in abiotic characteristics. Lastly I examined the relationship of above and belowground
morphometric features.

Methods:
Transect sampling was conducted at three sites in the Lower Florida Keys and one
site on the central west coast of Florida (Figure 2.1) to characterize shallow coastal
rhizophytic algal communities. The Lower Florida Keys are limestone islands covered
with a veneer of carbonate sediment that are largely composed of skeletal components of
calcareous algae (Ragan and Smosna 1987) and a dry tropical climate (Ross et al. 1994).
In contrast, Tarpon Springs on the central west coast of Florida has a humid subtropical
climate and sediments that are primarily quartz with a small percentage of carbonate
skeletal material over limestone bedrock (Hine et al. 2003). Sites were selected based on
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a number of criteria: presence of sandy sediments, depth (appropriate for snorkeling), and
the presence of the seagrass Thalassia testudinum Banks ex König and mixed rhizophytic
algae.
The Bahia Honda site consists of a seagrass bed with understory algae at 1 – 2.5
m depth off a sandy beach facing the Gulf of Mexico bordered by Bahia Honda Channel
to the west. Less than 6 km away, the Little Duck Key site consists of a very shallow
seagrass bed (~0.5 m depth) off a sandy beach facing the Straits of Florida near Moser
Channel. The Mote Tropical Research Laboratory (Mote TRL) site on south side of the
west end of Summerland Key facing the Straits of Florida consists of a mix of seagrass
bed with understory algae and areas of only rhizophytic algae intermixed with bare sand
at 1 – 1.5 m depth bordered by a retaining wall and a small fringe of mangroves on the
north side. Salinity in the Lower Keys (measured monthly near Mote TRL) ranged from
34.1 – 39.1 ppt over the entirety of 2006 -2007 (E. Bartels, Mote Tropical Research
Laboratory, pers comm). The Sunset Beach sampling site, located on the north side of a
small island (connected to the mainland by a causeway) in the Gulf of Mexico, consists
of a seagrass bed with understory algae adjacent to patches of rhizophytic algal bed
without seagrass at 1-1.5 m depth. Salinity at Sunset Beach ranged from 29.5-35.5 ppt in
2006-2007 (L. Bedinger, University of South Florida, unpubl data).
At each site, two perpendicular and intersecting 50 m transects were placed
haphazardly over the rhizophytic algal/seagrass bed. In 2006, video was taken along the
transect tapes and seagrass percent cover estimates were made from viewing the
videotape. On all sampling dates quadrats measuring 25 x 25 cm (0.0625 m2) were placed
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every 5 m along the transects (n = 22 quadrats, total sampled area = 1.375 m2). In 2007,
the percent cover of seagrass species in each quadrat was visually assessed before
destructive sampling commenced. Within quadrats, all rhizophytic algal material (aboveand belowground) was collected, kept cool, and frozen on return to the laboratory. The
same seagrass/algal bed at Mote TRL was sampled twice, in both November 2006 and
June 2007. All of the other sites, with the exception of Bahia Honda which was sampled
in November 2006, were sampled in June 2007.
In the laboratory, samples were processed to quantify the above- and
belowground components and collect morphometric measurements of each species. After
a sample was thawed, individual algal thalli were gently rinsed with fresh water and
identified to species using a microscope and Littler & Littler (2000). Some young
Penicillus individuals lacked full caps and could not be identified to species. The height
(cm) of the aboveground portion (from top of holdfast to uppermost tip) and depth (cm)
of the holdfast (from top of holdfast to deepest portion) of each individual were
measured. Holdfast volume, including the rhizoids and all attached sediment, (ml) was
measured by water displacement in a graduated cylinder. Caulerpa species, with long
(often > 1m) horizontal stolons anchored at intervals by multiple rhizoid clusters and
upright fronds present at intervals (Meinesz et al. 1995), posed a challenge for
enumeration and morphometric measurement. For pieces of Caulerpa collected from
inside quadrats, upright fronds were measured for height (cm from stolon to blade tip)
and rhizoid clusters were counted and measured for holdfast depth (cm). Total stolon
length (cm) of each Caulerpa species was calculated by summing the lengths of all pieces
present in each quadrat. Similarly, the holdfast volume of each Caulerpa species present
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in the quadrat was measured by clipping off and pooling the rhizoidal tufts and attached
sediment from all pieces of that species in the sample. To measure aboveground biomass,
holdfast dry weight, and holdfast organic content, the aboveground portion of each
thallus was separated from the holdfast and resulting pieces were handled according to
the following procedures. Aboveground portions of thalli were spun in a salad spinner
and wet weights (g WW) recorded. All material was dried to a constant weight (g DW) at
60° C. Aboveground thalli were combusted at 500° C for 4 hr to determine the ash-free
dry weight (g AFDW) (Dawes 1998, Heiri et al. 2001). Holdfasts were combusted for
organic content in the same manner and to examine further the composition of holdfasts,
previously-muffled holdfasts were ignited again at 950° C for 2 hr to determine the
amount of carbonate (Heiri et al. 2001).
The difficulty of separating sediments (especially quartz sediments) from the
network of fine rhizoids that permeate the holdfast led us to use muffling as an indirect
method to detect the portion of the holdfast that might be made up of rhizoids. Although I
removed any obvious large inclusions on or in the holdfast, such as a seagrass blade or
whole polychaete, any other organic material (detritus, small animals, etc. as well as
rhizoids) present in the holdfast were part of my measure of the organic content of
holdfasts. Thus these values can be considered a maximum for the percentage of the
holdfast made up by rhizoids, and I provide information on the organic content of
sediments from the site that were not a part of holdfasts for comparison purposes.
Similarly, the volumes of holdfasts reported here represent minima for the size of these
structures as handling reduced their volume by, on average, 26% (Appendix A).
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Sediment samples were taken at all field sites to characterize the sedimentary
matrix surrounding holdfasts. Three replicate cores of the top 10 cm of sediment were
collected at each site near the transect lines. In the laboratory, these samples were
defrosted, washed with fresh water to remove salts, and dried at 60° C to constant weight.
Dry sediment was sorted to obtain grain size distribution using a graded series of sieves
and a mechanical sediment shaker (TYLER RO-TAP® 8" RX-29) run for 5 minutes
(Wolcott, 1978). Sediments were analyzed for organic and carbonate content as described
above for holdfasts. Sediment depth (cm) was measured in the field (n = 10) by a metal
rod that was pushed until it contacted hard substrate.

Data analysis
Species richness (S) and Shannon diversity (log e) (H’) of the rhizophytic algal
community at each sampling were calculated. At the two sites with seagrass present in
every plot, a two-sample t-test was used to test whether or not algal richness was greater
in plots with < 50% seagrass cover than plots with ≥ 50% seagrass cover. At other sites
with sporadic seagrass cover, Pearson’s product-moment correlation coefficient was used
to examine the relationship between seagrass cover in a plot and its rhizophytic algal
richness. Differences in rhizophytic algal species composition and above/belowground
contributions of the species assemblage among the sampling sites were examined using
the statistical software PRIMER-E 6.1.5 (Clarke 1993, Clarke & Gorley 2006).
Quantitative measures of each species in each quadrat including: species abundance (# of
individuals), aboveground AFDW (g), and belowground holdfast volume (ml) were each
log (x+1) transformed and used to construct a separate matrix of Bray-Curtis similarity
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coefficients between all pairs of quadrats. For Shannon diversity calculations and
PRIMER analysis of species composition based on the number of individuals of each
species present in each quadrat, the length of stolon of each Caulerpa species was
divided by the quadrat width (25 cm) to obtain the number of “individuals.” Differences
between sites were tested using one-way analysis of similarity (ANOSIM) on these
resemblance matrices. The similarity percentage routine (SIMPER) was also used on
these transformed data sets to examine the above and below ground contributions of each
species at each site. The SIMPER routine assigned an “average similarity” number to
each site to express the overall similarity between all quadrats at that site for a single
quantitative measure (e.g., holdfast volume or AFDW). Those species with the highest
contributions to this “average similarity” are most typical of the site. Percentage
contributions are calculated to only a cumulative 90% of the total by PRIMER software,
so some less significant species were not assigned a percentage contribution number by
the SIMPER routine. Holdfast volume and aboveground organic material (AFDW)
percentage contributions of dominant species were compared to assess relative
contribution by each species to the occupation of belowground area versus amount of
organic material in aboveground structure. To further examine if seasonal differences in
overall aboveground biomass were present at Mote TRL, total DW data from quadrats (n
= 22) on each sampling date were compared using a two-sample t-test.
Differences in the mean organic content of holdfasts (for those algae with a single
bulbous holdfast) among sites were tested with one-way ANOVA and a post-hoc Tukey
test. Data from the two samplings at Mote TRL were pooled to reflect site values after a
two-sample t-test (t = 0.38, p = 0.707) revealed no difference in mean holdfast organic
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content between sampling dates. The same procedure was followed to examine
differences in the carbonate content of holdfasts among sites. Differences in the mean
organic content of holdfasts among species at each site were tested using one-way
ANOVA and a post-hoc Tukey test.
Plant height, belowground depth (length of holdfast), and holdfast volume data
were analyzed using one-way ANOVA followed by Tukey tests to examine differences in
the morphometrics among rhizophytic species, as well as look for between site
differences within a single species. Correlations between morphometric variables
(holdfast depth versus plant height; wet weight of thallus versus holdfast volume) for
each species (excluding species of Caulerpa) at each site were conducted using Pearson
correlation analyses to explore the relationship between above and below ground traits.

Results:
Plant community composition
Fifteen species in five genera of rhizophytic algae were recorded over four sites
and five sampling occasions (Table 2.1). Species composition varied by site, but
rhizophytic algal species richness (S = 6) was similar at all sites, except Mote TRL (S = 9
in 2006 and S = 10 in 2007). Shannon diversity (H’) of rhizophytic algal species ranged
from 1.26 at Little Duck Key to 2.12 at Mote TRL in 2007 (values of H’ at other
samplings were: 1.34 at Bahia Honda, 1.71 at Sunset Beach, and 1.79 at Mote TRL in
2006). The seagrass T. testudinum was recorded at all sites on all sampling occasions and
the seagrasses Halodule wrightii Ascherson and Syringodium filiforme Kützing were
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present only at Little Duck Key and Bahia Honda, respectively (Table 2.2). Bahia Honda
and Little Duck Key had some seagrass present in every plot, an overall higher mean total
percent cover of seagrass than was found at the other two sites, and the lowest Shannon
diversity indices for rhizophytic algal abundance (Table 2.2). At these two sites mean
algal species richness was significantly higher in plots with < 50% total seagrass cover
compared with those plots with ≥ 50% total seagrass cover at both Bahia Honda (t18 =
2.23, p = 0.039) and Little Duck Key (t18 = 3.23, p = 0.005). Mote TRL had the overall
lowest percent cover of seagrass (sparse T. testudinum in eight of the plots, % cover
ranged from 1-55%) and the habitat consisted of exposed sandy bottom, large sponges,
and mixed rhizophytic algae. At Mote TRL in 2006 (data not available for 2007) there
was no significant correlation between the rhizophytic algal richness in a plot and percent
cover of seagrass (r = -0.255, p = 0.251). At Sunset Beach, T. testudinum was present in
seven of the 22 plots (ranging from 5 – 100% cover, Table 2.2) and seagrass cover was
significantly negatively correlated with algal richness (r = -0.604, p = 0.003). Field
observations at Sunset Beach revealed dense macrophyte cover in mixed rhizophytic
algal beds without seagrass, as well as in areas with T. testudinum.
Measures of rhizophytic algal community structure documented some notable
differences among sites. The number of individuals across all species of rhizophytic algae
varied greatly among sites (Table 2.1). Sunset Beach had the greatest abundance of
rhizophytic algae (502 individual thalli), more than twice the number present at the site
ranking second in total abundance (Little Duck Key), and was the only site at which
Caulerpa species were present in samples (a total of 73.55 m of horizontal stolon was
collected). Two rhizophytic algal species, Halimeda incrassata and Penicillus capitatus,
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were present at all sites on all dates. The genus Halimeda was represented by the largest
number of species in this study (S = 5). Species of Udotea and Rhipocephalus were found
only at the Keys sites (Table 2.1). At Sunset Beach rhizophytic algae were present in
every quadrat sampled, whereas at Little Duck Key rhizophytic algae were present in
only 15 of the 22 quadrats (Table 2.1). At Bahia Honda and Mote TRL (both dates) H.
incrassata was the most abundant taxa, while at Little Duck Key and Sunset Beach P.
capitatus was the most abundant taxa. ANOSIM tests on species abundance data revealed
significant differences between the species compositions of all sites (Table 2.3). Species
composition on the central west coast of Florida was quite different than in the Keys with
R ≥ 0.7 for comparisons of any Keys site paired with Sunset Beach, while R < 0.3 for all
pairs of Keys sites (Table 2.3). SIMPER analysis showed that quadrats at Sunset Beach
were more similar (average similarity of 56.54 %) to each other in terms of species
composition than those at any other site, likely due to the presence of C. prolifera and C.
cupressoides in most of the quadrats. Other sites had within site average similarities of
14.95% (Little Duck Key) to 35.94% (Bahia Honda), which aligns with field
observations of a patchier distribution of rhizophytic algae at Keys sites than at Sunset
Beach.

Aboveground thalli
Patterns of aboveground rhizophytic algal biomass [both total dry weight (DW g)
and ash-free dry weight (AFDW g)] displayed marked variation across sites (Figure 2.2).
Of special note is the high biomass at Sunset Beach and the relatively high ratio of
AFDW to DW due to the abundance of uncalcified Caulerpa species (Figure 2.2). Bahia
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Honda had the highest total DW of all the sites, but a relatively low AFDW/DW ratio that
can be attributed to a large amount of highly calcified Halimeda opuntia (Table 2.4). No
difference was found between sampling dates at Mote TRL for total DW (two sample ttest, t41 = 0.51, p = 0.610).
The range in height of the rhizophytic algal canopy was substantial across study
sites. Significant differences in the mean height of individuals of a given rhizophytic
algal of species among sites were found for seven of the 15 species (Table 2.5).
Expectedly, there was a significant difference in height among some of the species of
rhizophytic algae when all sites were pooled (ANOVA: F10, 882 = 24.40, p < 0.001).
ANOSIM tests revealed significant differences in AFDW of aboveground thalli among
sites (Global R = 0.411, p = 0.001). Pairwise comparisons of AFDW among sites mirror
the patterns seen for abundance with small differences between Keys sites (the two
samplings at Mote TRL were the only ones not significantly different) and larger
differences between Keys sites and Sunset Beach (Table 2.3). Ash free dry weight of
each species between the November and June samplings at Mote TRL were not
significantly different (R = 0.024, p = 0.186).

Sediments
In general, Keys sites were characterized by calcareous sediments (56 %
carbonate) and those found on the central west coast of Florida at Sunset Beach were
primarily quartz sand with 3% carbonate (Table 2.6). Median grain size was largest (0.5
mm) at both Mote TRL and Little Duck Key and smallest (0.125 mm) at Sunset Beach,
which had the lowest percentage (1.8%) of large (> 1 mm) particles by weight. The mean
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(± SD) organic content of sediments was similar at all sites and ranged from 2.0 ± 0.4%
at Sunset Beach to 3.0 ± 0.5% at Bahia Honda (Table 2.5). Mean sediment depth varied
among sites and was shallowest (12.4 ± 7.5 cm) at Mote TRL and deepest (49.3 ± 26.1
cm), and most variable, at Sunset Beach (Table 2.5).

Holdfasts
The total volume of rhizophytic algal holdfasts at each site ranged from 274.1 ml
at Bahia Honda to 1422.6 ml at Sunset Beach (Figure 2.3). ANOSIM tests indicated
significant differences in holdfast volume among sites (Global R = 0.318, p = 0.001).
ANOSIM pairwise comparisons between sites displayed a pattern similar to those
recorded for AFDW, i.e. smaller (sometimes non-significant) differences between Keys
sites and larger ones between any Keys site and Sunset Beach (Table 2.3). At Sunset
Beach, the site with the largest holdfast volume (summed across all quadrats sampled),
holdfasts occupied an average of 2.07% (1034 ml/m2) of the volume of the top 5 cm of
substrate. At Bahia Honda, the site with the smallest total holdfast volume, holdfasts
made up less than 0.4% (199.4 ml/m2) of the total substrate volume. However, the density
of rhizophytic algal holdfasts was much higher in some quadrats than others and
holdfasts occupied up to 5.31% (equivalent to 2656.0 ml/m2) of the top 5 cm of substrate
at Little Duck Key.
Morphometric analyses revealed differences in mean holdfast volume among sites
for three of the species tested (Table 2.5). All species showed a large amount of variation
in the volumes of individual holdfasts on a single sampling occasion (Table 2.5). As
expected, significant differences in mean holdfast volume among species were detected
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(ANOVA: F 11, 889 = 9.79, p < 0.001). The two species found at all sites on all sampling
occasions, H. incrassata and P. capitatus, comprised more than 20% of total holdfast
volume at all sites, with the exception of P. capitatus at Bahia Honda where only two
individuals of that species were present and contributed less than 2% of the total holdfast
volume (Figure 2.3). Other abundant species that contributed large portions of the
belowground structure, when present, were: Halimeda gracilis whose holdfasts made up
36% and 14% of the total holdfast volume at Little Duck Key and Bahia Honda,
respectively, and Caulerpa cupressoides at Sunset Beach which provided 25% of the
total belowground structure (Figure 2.3).
Holdfasts were present in the top 10 cm of sediment with the holdfasts of most
species extending to a mean depth of less than 5 cm. The mean depth of individual
holdfasts of a single species did not vary significantly among sites in most cases, with the
exceptions of H. gracilis, H. monile, and P. capitatus (Table 2.5). Some significant
differences in holdfast depth among species were detected (ANOVA: F 11, 889 = 7.86, p <
0.001). Examination of H. opuntia and H. scabra specimens revealed that these species
did not generally make large bulbous holdfasts and had frequently grown on hard
substrates, such as rocks or shells. Halimeda opuntia anchored in multiple locations
under its tumbleweed-like form. In addition to massive holdfasts, many specimens (in the
genera: Halimeda, Penicillus, Rhipocephalus, and Udotea) displayed fine rhizoidal
extensions from the holdfast, some up to 9 cm in length. It is unknown how often these
extensions were lost during collection and it is possible that in the field these extensions
were orientated horizontally (rather than vertically) in the sediment. Occasionally,
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rhizoidal connections were found between older plants and new young plants that were
the product of vegetative reproduction.
Morphometric measurements of the rhizoidal tufts that anchored the three species
of Caulerpa found at Sunset Beach along their stolons revealed that these rhizoids
penetrate as deeply, or more deeply, than the holdfasts of those species that form single
bulbous holdfasts (Table 2.5). The mean depth that rhizoids (borne on downwardpointing rhizoidal pillars - vertical sections of the stolon that penetrate into the sediment)
of C. cupressoides extended into the sediment was 7.3 cm, the deepest anchors of any
species in this study, and this species averaged 36.7 ± 8.4 (mean ± SD) rhizoidal tufts per
meter of stolon. The rhizoid clusters of C. prolifera (which are attached directly to the
horizontal stolon without rhizoidal pillars) extended into the sediment to a mean depth of
3.0 cm, the shallowest anchors of any species at Sunset Beach, but similar to the holdfast
depth of many other species at other sites (Table 2.5). The shallow rhizoidal tufts of C.
prolifera were more densely packed (72.2 ± 35.7 tufts/m) along the stolon than those of
the congeners sampled. Caulerpa ashmeadii also forms rhizoidal pillars to which the
rhizoidal tufts attach. Interestingly, at Sunset Beach C. ashmeadii, the least abundant
Caulerpa species, was observed to grow mostly by looping over the canopy rather than
with a horizontal stolon along the ground, and thus touched the sediment rarely and
produced very few rhizoid clusters (mean of 12.5 ± 6.4 tufts/m stolon). The holdfast
volume made up by Caulerpa rhizoids and attached sediment can be presented per meter
of stolon length, reflecting both the density of rhizoid clusters along the stolon and the
amount of sediment bound by rhizoidal tufts. Caulerpa ashmeadii, had the lowest mean
“holdfast” volume of 2.0 ± 1.3 ml/m stolon. Caulerpa cupressoides and C. prolifera,
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abundant species at Sunset Beach, generated mean “holdfast” volumes of 7.2 ± 4.6 and
4.4 ± 2.9 ml/m stolon, respectively. Because the morphology of Caulerpa differs from
that of other rhizophytic algal genera that possess a single holdfast, comparisons of mean
holdfast volume were not made between Caulerpa species and species in other genera.
The mean organic content of holdfasts of species that form a single bulbous
holdfast was relatively consistent amongst sites (Table 2.7). However, the overall organic
content of holdfasts from Little Duck Key (4.9 ± 1.0%) was significantly less (ANOVA:
F 4, 336 = 10.72, p < 0.001) than that from all other sites (Bahia Honda 6.0 ± 1.8, Mote
TRL Nov 5.9 ± 2.1, Mote TRL June 5.7 ± 1.2, Sunset 6.2 ± 1.9%), which were not
significantly different from each other (Tukey test: p < 0.05). Holdfast carbonate content
reflected the nature of the surrounding sediments at each site (Tables 2.5 and 2.7) and
was lower overall at Sunset Beach than at the Keys sites (F 3, 79 = 9417.34, p < 0.001). No
difference (Tukey test: p < 0.05) in the carbonate content of holdfasts was found among
the Keys sites/sampling dates (Bahia Honda 55.6 ± 1.0, Mote TRL Nov 55.4 ± 0.8, Mote
TRL June 55.1 ± 1.1%). Interestingly, the overall carbonate content of holdfasts at Sunset
Beach (5.3 ± 1.4%) was slightly higher than that found in samples of the surrounding
sediments (2.7 ± 1.0%).
The largest difference in the organic content of belowground anchoring structures
among taxa occurred at Sunset Beach where rhizoidal tufts of Caulerpa species had
considerably more organic content (F 5, 182= 99.99, p < 0.001) than the single bulbous
holdfasts of species in the other two genera at Sunset Beach, among which no significant
difference was detected (Tukey test: p < 0.05). Caulerpa cupressoides anchors had
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significantly higher organic content than those of C. prolifera (Table 2.7). Laboratory
observations of the rhizoidal tufts of Caulerpa spp. indicated that some rhizoidal tufts
lacked attached sediment, while other tufts had sizable clumps of agglutinated sediment.
Not surprisingly, the bare clumps of rhizoids had a much higher percent organic content
than those rhizoidal tufts binding clumps of silica sand. At Mote TRL, no differences in
holdfast organic content among species were detected (F 6, 84 =1.13, p = 0.353). Holdfast
organic content was significantly different between species at Bahia Honda (F3, 47 = 6.84,
p < 0.001), as well as at Little Duck Key (F 3, 133 = 3.46, p < 0.018). A Tukey test (p <
0.05) revealed that at Bahia Honda, P. capitatus holdfasts had significantly lower organic
content than those of both H. gracilis and H. incrassata. The trend for H. incrassata
holdfasts to have more organic content than those of P. capitatus was consistent across
all sites and is statistically significant when all P. capitatus and H. incrassata samples are
pooled across sites (Two-sample t-test, t183 = 4.99, p < 0.001).

Above- and belowground comparisons
Significant correlations were detected between above- and belowground
morphometric variables within a species, but the strength of these correlations was
variable. The correlation between thallus wet weight and holdfast volume was strong and
statistically significant for some species at some sites but these relationships were not
consistent among sites (Table 2.8). The holdfast volume of H. incrassata was
significantly positively correlated with wet weight of the aboveground portion of the
thallus at all sites except Mote TRL (both dates). Other species with a significant positive
correlation between holdfast volume and thallus wet weight (at one or more sample sites)
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included: H. monile, H. gracilis, Penicillus dumetosus, P. capitatus, P. lamourouxii,
Rhipocephalus phoenix, and Udotea caribaea (Table 2.8). The only species with a
significant correlation between holdfast depth and thallus height was P. capitatus at Mote
TRL in 2007 (r = 0.633, p = 0.0007) and Little Duck Key (r = 0.2794, p = 0.01453)
(Table 2.8).
Comparisons of the percentage contribution to belowground community
composition/structure (SIMPER analysis of holdfast volume) of dominant rhizophytic
algal species with their contribution to aboveground biomass (SIMPER analysis of
AFDW) reveal that the above/below contributions are approximately equal for some
species while other species contribute disproportionately to the within-sediment or abovesediment component. At all sites, P. capitatus made larger contributions to belowground
structure than to aboveground organic matter, while the relative contributions to these
components by H. incrassata varied among sites (Table 2.9). Halimeda opuntia, with its
large highly-calcified tumbleweed-like form, contributed 60.67% of the total
aboveground dry weight and 35.20% of the total AFDW, but only 6.35% of the total
holdfast volume at Bahia Honda. Halimeda scabra also had a greater presence
aboveground than belowground, contributing less than 0.16 and 1.99% of the total
holdfast volume and 11.41 and 11.34% of the total AFDW at Mote TRL in November
2006 and June 2007, respectively. The contributions of Caulerpa cupressoides to
aboveground biomass (65.30% of AFDW and 29.29% of total DW) were more extensive
than those to belowground structure (25.02% of total holdfast volume) while the
contributions of C. prolifera to aboveground biomass (14.85% of AFDW and 9.38% of
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total DW) and belowground structure (12.76% of total holdfast volume) were more
similar (Table 2.9).
Uniformity of aboveground biomass and belowground structure across the
sampling area (among quadrats) at each site was assessed using values of average
similarity values (SIMPER). Sunset Beach had the highest within-site similarity for both
aboveground AFDW and belowground holdfast volume of all the sites due to C.
cupressoides and C. prolifera each being present in 21 of the 22 quadrats sampled. The
overall average similarity value for aboveground was higher than the average similarity
value for belowground because C. cupressoides, the dominant species, contributed
disproportionately more to aboveground biomass than to holdfast volume (Table 2.9). In
the Keys, average similarity values among quadrats at Mote TRL were similar for AFDW
and holdfast volume on both sampling dates (Table 2.9). Bahia Honda and Little Duck
Key both had considerably greater within-site average similarity belowground (holdfast
volume) than aboveground organic biomass (Table 2.9).

Discussion:
Plant community composition
At these shallow coastal sites in Florida, rhizophytic algae were more diverse than
seagrasses and contributed considerable biomass to underwater canopies, occurring both
with seagrasses and in stands made up exclusively of rhizophytic algal species. Overall,
the sites with the highest diversity of rhizophytic algae had the lowest mean seagrass
cover and sites with the highest seagrass cover had the lowest algal diversity. Rhizophytic
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algae may be dominant in areas with sediments too shallow to support seagrasses
(Zieman et al. 1989). This may have been the case in some of the sampled area at Mote
TRL, which had the shallowest mean sediment depth of all the sites (Table 2.5) and the
lowest mean seagrass cover. However, plots with seagrasses still often contained
abundant rhizophytic algae. My finding of six species of rhizophytic algae in addition to
T. testudinum and S. filiforme at Bahia Honda contrasts with South’s (1983) finding of an
absence of rhizophytic algae when these two seagrass species were present
simultaneously in Bermuda. Glardon et al. (2008) reported a frequent association of
seagrasses and Caulerpa species and noted that Caulerpa species richness was higher in
the Florida Keys than other sites in Florida. In the psammophytic communities sampled
in my study, no species of Caulerpa appeared in my samples from the Keys, despite
being observed in low amounts near the transect lines at Mote TRL and Bahia Honda. At
Sunset Beach, on the central west coast of Florida, Caulerpa was a major component of
the flora and was found in plots both with and without seagrasses. Glardon et al. (2008)
documented C. ashmeadii and C. prolifera from the Sunset Beach area, but did not report
the presence of C. cupressoides which I found to be the dominant species by biomass. In
general, little is known about the relationship between rhizophytic algal and seagrass
abundance and my data demonstrate that this relationship is not consistent among sites
with different assemblages.
My results for abundance and aboveground biomass of rhizophytic algal species
extend information to new areas and generally align with the range of literature values
(Tables 2.10 - 2.12). Across studies H. incrassata, P. capitatus, and Udotea flabellum are
often the most common species and usually in that order of abundance. In my study,
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species of Halimeda made up more than 50% (53.1 - 92.2%) of total DW at all Lower
Florida Keys sites which agrees with the results of Collado-Vides et al. (2005) who found
Halimeda to have the widest distribution and highest abundance of rhizophytic algal
genera in the Florida Keys. The highly variable density of Penicillus spp. between
quadrats and among sites (Table 2.1) aligns with the findings of Zieman et al. (1989) who
found dense Penicillus patches in localized areas of Florida Bay. Udotea flabellum was a
relatively rare species in this study with wet weight means ranging from 0.10 – 0.5 g/0.25
m2 – agreeing with the findings of Heck and Wetstone (1977) who found a wet weight of
less than 1 g/0.25 m2 in similar habitats in Panama. Collado-Vides et al. (2005) also
found Udotea spp. to have a low and patchy distribution in the Florida Keys. However,
Creed and Filho (1999) reported U. flabellum as a dominant alga in Brazil (Table 2.10).
In my study, Rhipocephalus was relatively rare and only found at one site (Table 2.1).
Similarly, Collado-Vides et al. (2005) report Rhipocephalus was the least common genus
of calcareous rhizophytic algae in the Florida Keys Marine Sanctuary.
In contrast to the dominance of Halimeda at the Lower Keys sites with mainly
carbonate sediments, Sunset Beach with primarily quartz sediments had a more equitable
distribution of biomass (total DW) among the three genera present (Caulerpa 42%,
Penicillus 34%, and Halimeda 24%). Interestingly, measurements of rhizophytic algal
aboveground biomass and density from my study at Sunset Beach are similar to
aboveground biomass and short shoot density measurements of T. testudinum made there
in 2010 (Pinellas County, unpubl data). The mean (± SD) total dry weight of rhizophytic
algae from my sampling at Sunset Beach was 180.05 ± 89.03 g/m2, similar to the 81.25 –
187.5 g DW/m2 reported for T. testudinum (Table 2.11). However, these values of total
37

dry weight include the calcified (aragonite) portions of Halimeda and Penicillus, in
addition to the organic material. The density of Penicillus and Halimeda thalli (365/m2)
was similar to that of T. testudinum short shoots in 2010 at the same site (Table 2.10), but
this algal density neglects the difficult-to-enumerate and dense Caulerpa that was
present. In the only other study to report the biomass of rhizophytic algae on the west
coast of Florida in the vicinity of Sunset Beach, Dawes et al. (1985) examined the
standing stock of seagrasses and seaweeds at two nearby sites and found that seaweeds
(all attached and drift species combined) made up 30% of the macrophyte standing stock
at one site (Indian Bluff Island) and 19% at another (Anclote River Anchorage). No data
were given for specific types of attached algae, but the authors state that H. incrassata
made up more than 15% of total the total biomass at Indian Bluff Island, an open coast
site similar to Sunset Beach approximately 1.2 km away, confirming that calcareous
rhizophytic algae are a significant part of the flora on the central west coast of Florida.

Above- and belowground components
The differences in morphometric variables within rhizophytic algal species I
found among sites may reflect phenotypic plasticity that allows an alga to optimize its
morphology for its immediate environment (Collado-Vides 2002a, Yñiguez et al. 2010).
A comparison of mean thallus heights from this study with those in the literature reveals
a similar pattern of variable mean height from site to site and range of heights among
individuals within a site, as well similar rankings of heights among species (Tables 2.5
and 2.12). In deeper water and/or shaded areas, blades of C. taxifolia and C. prolifera
have been reported to extend further away from the sediment and have more
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photosynthetic area (Meinesz et al. 1995, Collado-Vides 2002b). In this study, two
species (found only at Keys sites) were tallest at Bahia Honda, the deepest site. However,
the mean heights of the three species found both at Sunset Beach and in the Lower Keys
were always tallest at Sunset Beach, a site of intermediate water depth. The greater mean
height of thalli at Sunset Beach might be attributable to more available nutrients, less
water movement, and/or more turbid water (Yñiguez et al. 2010) on the central west coast
of Florida. All species of Halimeda and Penicillus present at Mote TRL at both
samplings showed a pattern of greater mean height in November 2006 than in June 2007,
though the difference was significant for only one species, H. scabra (Table 2.5). These
results are similar to the increase in mean height of C. scalpelliformis during autumn
reported by Vasconcelos et al. (2011). Epiphytes were present on thalli sampled at Mote
TRL in November 2007, suggesting the possibility that thalli were older and/or that
increased nutrients were present. Overall, morphometric variation in thallus height was
detected and may have been consistent with differences in abiotic variables among sites,
but was not consistent among species.
In the literature, quantifications of the holdfasts are limited. However,
comparisons of mean holdfast volume and holdfast depth measurements from my study
with others were possible for a few species and in general, my mean values overlap with
the range of literature values (Tables 2.5 and 2.12). Variation in belowground features
(the depth and volume of holdfasts) was detected among sites within a species, likely
demonstrating morphological plasticity in response to the immediate environment. Fewer
species showed a significant difference in these variables between sites than was the case
with mean height (Table 2.5), possibly indicating greater similarity in conditions
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belowground, more constraints on belowground structures, or merely greater variability
in holdfasts among individuals. Across the three species for which there was a difference
in holdfast depth among sites, no clear pattern emerges. Mean holdfast depth was the
same at both samplings for all species at Mote TRL; similarly rhizoidal pillar length in C.
scalpelliformis in Brazil showed no temporal variation and was generally variable
(Vasconcelos et al. 2011).
One of the interesting findings from my study was that three species showed
significant differences among sites in holdfast volume with the largest volumes occurring
at sites with the largest median sediment grain size. To my knowledge such a relationship
between sediment grain size and holdfast volume has not been examined previously.
Clearly, the presence of very large sediment particles at a site may influence holdfast
morphology. In my samples, I observed some unusual holdfast composition. Some
individuals, especially at Mote TRL, anchored themselves to small stones or shells with a
small cushion of rhizoids and lacked the usual sand-based holdfasts, as did a few
specimens which anchored their rhizoids in sponges (Porifera) at this site. The specimens
were most often members of the genus Halimeda, although specimens of other genera
sometimes had a mollusc shell or coral fragment incorporated into the holdfast. The
behavior of rhizophytic algal holdfasts taking on a different morphology when hard
substrate is available has been noted by other researchers (Multer and Votava 1992,
Anderson et al. 2006). My study of 15 species of rhizophytic algae supports the idea that
holdfasts are structures that display flexibility and make use of their immediate
environments.
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Examination of the relationship between above- and belowground components
across species of rhizophytic algae revealed that a relationship between height of thalli
and depth of holdfasts was lacking in most species. However, I found a positive
correlation between the wet weight of the aboveground portion of the thallus and holdfast
volume for many species at many sites (Table 2.8). Somewhat similarly, a biomechanical
study found a positive correlation between blade surface area and holdfast volume in U.
flabellum (Anderson et al. 2006). Interestingly, this same study found no significant
correlation between holdfast volume and force to remove for any of the four rhizophytic
algal species tested. Because holdfasts contain rhizoids that function in nutrient uptake
and regeneration, in addition to binding sediment, it is possible that larger holdfast
volumes provide benefits to the plant other than increasing anchoring ability. These
advantages could include increased rhizoidal surface area for nutrient uptake or starch
storage for future growth and reproduction.
The organic contents of the aboveground portions of rhizophytic algal thalli in
this study match with values found in the literature (Paul 1985, Freile and Hillis 1997,
van Tussenbroek and van Dijk 2007), but to my knowledge no data exist on the organic
content of holdfasts. The organic content of holdfasts varied significantly between some
species at a single site (Table 2.7) and may reflect species-specific differences in holdfast
construction and belowground biomass investment. With data from all sites pooled, H.
incrassata had a higher holdfast organic content than did P. capitatus. This potential
difference in biomass investment in belowground structure between H. incrassata and P.
capitatus may reflect the longer lifespan (up to 2 years) of H. incrassata individuals
which sometimes shed all of their branches and regrow from basal segments (van
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Tussenbroek and Barba Santos 2011; L Bedinger, University of South Florida, unpubl
data). In contrast, the lifespan of an individual thallus of P. capitatus is ~ 2 months (Bach
1979; L Bedinger, University of South Florida, unpubl data). Overall, the data presented
here represent some of the first information on the occupation of belowground space by
natural populations of rhizophytic algae and the first assessment of the organic content of
rhizophytic algal holdfasts.

Ecological implications
While little is known about the interactions of native rhizophytic algae with cooccuring seagrasses and infauna, however one study suggests competition for N between
T. testudinum and H. incrassata (Davis and Fourqurean 2001). The holdfasts of the
rhizophytic algal species found in this study begin immediately below the surface of the
sediment and do not generally extend past the top 5 cm, with the exception of C.
ashmeadii and C. cupressoides that use rhizoidal pillars to penetrate more deeply before
forming clusters of rhizoids and bound sediment. The rhizomes and roots of T.
testudinum are located at a mean depth of 9.8 cm and 14.1 cm, respectively (Duarte et al.
1998), thus data provided by my study suggest that most rhizophytic algal species in this
study may escape direct competition for space and nutrients with the roots and rhizomes
of this often co-occurring seagrass. The depth profile of the roots and rhizomes of the
other two seagrass species found in this study overlap with what I report for rhizophytic
algal holdfasts. While the mean depth (2.5-2.75 cm) of the rhizomes of the smaller
seagrass species, H. wrightii and S. filiforme, overlaps with those of rhizophytic algal
holdfasts, their mean root depths (6.4 and 7.5 cm, respectively) are generally deeper than
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those of the rhizophytic algae in my study (Duarte et al. 1998, Table 2.5). Thus while the
holdfasts of rhizophytic algae may overlap and compete for space with the rhizomes of
H. wrightii and S. filiforme, the nutrient absorbing roots of the seagrass are deeper than
the nutrient absorbing rhizoids of the algal holdfasts, likely minimizing competition for
nutrients.
In general, the anchoring structures of rhizophytic algae in this study took up
considerably less than 5% of the total volume of the top 5 cm of substrate. In comparison,
the roots and rhizomes of T. testudinum made up 21% of the top 35 cm of substrate
volume in the Mexican Caribbean (Duarte et al. 1998) indicating that rhizophytic algae
occupy less belowground space than the most abundant seagrass at my samples sites.
However, at two study sites, Sunset Beach and Mote TRL, rhizophytic algae occurred in
large areas where no seagrass was present, thereby providing the only plant-based
belowground structure in the sandy sediments. Few studies have examined the impacts of
(native) rhizophytic algal holdfasts on infauna, but two studies found increased
abundance and diversity in areas vegetated solely with rhizophytic algae (Alphin et al.
1997, Fukunaga 2008). If rhizophytic algal holdfast structures impact infauna in a similar
way to tube-building animals in soft sediment habitats, then these underground
components should have their greatest impact in the upper 5 cm of sediments and may act
to increase infaunal density (Woodin 1978, Stoner 1980).

Conclusions
While some studies have examined the ecological and geological contributions of
rhizophytic algal canopies to aboveground biomass, habitat structure, and sediment
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production, it is important to extend consideration to their belowground structures. My
data represent some of the first data on both aboveground and belowground structures of
natural mixed-species rhizophytic algal populations from multiple soft-bottom sites not
previously characterized in the Lower Florida Keys, as well characterization of a
rhizophytic algal population at a site on the central west coast of Florida where mixed
beds of rhizophytic algae are abundant but currently unstudied. Morphometric variation
among sites within a species was present and may be due to abiotic variables such as
water depth, available nutrients, and sediment grain size. Relatively diverse assemblages
of rhizophytic algae were present both in areas with and without a seagrass canopy,
though dense (≥ 50%) seagrass cover correlated with decreased algal richness. The west
coast of Florida site had abundant Caulerpa, the highest aboveground organic biomass,
and the highest abundance of rhizophytic algae, as well as the tallest thalli of all the sites
examined. My results indicate that across rhizophytic algal species, even within a genus,
the production of belowground structure and potential influence on ecosystem function is
highly variable and not necessarily related to the aboveground biomass.

Literature Cited:
Alphin TD, Posey MH, Smith ME. 1997. Comparison of infauna associated with the
macroalga Caulerpa prolifera, found in Southeastern North Carolina. J Elisha
Mitchell Sci Soc 113(1):16-21.
Anderson K, Close L, DeWreede RE, Lynch BJ, Ormond C, Walker M. 2006.
Biomechanical properties and holdfast morphology of coenocytic algae
(Halimedales, Chlorophyta) in Bocas del Toro, Panama. J Exp Mar Biol Ecol
328:155-167.
Bach SD. 1979. Standing crop, growth and production of calcareous siphonales
(Chlorophyta) in a South Florida lagoon. Bull Mar Sci 29(2):191-201.
44

Biber PD, Irlandi EA. 2006. Temporal and spatial dynamics of macroalgal communities
along an anthropogenic salinity gradient in Biscayne Bay (Florida, USA). Aquat
Bot 85(1):65-77.
Clarke KR. 1993. Non-parametric multivariate analyses of changes in community
structure. Aust J Ecol 18(1):117-143.
Clarke KR, Gorley R. 2006. PRIMER v6: User Manual/Tutorial. Plymouth: PRIMER-E.
Collado-Vides L, DeWreede RE, Milligan KLD. 1998. Biomechanical properties of
Udotea (Halimedales, Chlorophyta) in a Mexican reef lagoon. Phycologia
37(6):443-449.
Collado-Vides L. 2002a. Clonal architecture in marine macroalgae: ecological and
evolutionary perspectives. Evol Ecol 15(4-6):531-545.
Collado-Vides L. 2002b. Morphological plasticity of Caulerpa prolifera (Caulerpales,
Chlorophyta) in relation to growth form in a coral reef lagoon. Bot Mar
45(2):123-129.
Collado-Vides L, Rutten LM, Fourqurean JW. 2005. Spatiotemporal variation of the
abundance of calcareous green macroalgae in the Florida Keys: A study of
synchrony within a macroalgal functional-form group. J Phycol 41(4):742-752.
Creed JC, Amado Filho GM. 1999. Disturbance and recovery of the macroflora of a
seagrass (Halodule wrightii Ascherson) meadow in the Abrolhos Marine National
Park, Brazil: an experimental evaluation of anchor damage. J Exp Mar Biol Ecol
235(2):285-306.
Cruz-Palacios V, van Tussenbroek BI. 2005. Simulation of hurricane-like disturbances on
a Caribbean seagrass bed. J Exp Mar Biol Ecol 324(1):44-44.
Davis BC, Fourqurean JW. 2001. Competition between the tropical alga, Halimeda
incrassata, and the seagrass, Thalassia testudinum. Aquat Bot 71(3):217-232.
Dawes CJ, Hall MO, Riechert RK. 1985. Seasonal biomass and energy content in
seagrass communities on the west coast of Florida. J Coast Res 1(3):255-262.
Dawes CJ. 1998. Marine Botany. New York City: Jon Wiley & Sons Inc.
Duarte CM, Merino M, Agawin NSR, Uri J, Fortes MD, Gallegos ME, Marba N,
Hemminga MA. 1998. Root production and belowground seagrass biomass. Mar
Ecol Prog Ser 171:97-108.

45

Freile D, Hillis L. Carbonate productivity by Halimeda incrassata in a land proximal
lagoon, Pico Feo, San Blas, Panama. Proceedings of the 8th International Coral
Reef Symposium; 1997. p. 767-772.
Fukunaga A. 2008. Invertebrate community associated with the macroalga Halimeda
kanaloana meadow in Maui, Hawaii. Int Rev Hydrobiol 93(3):328-341.
Garrigue C. 1995. Macrophyte associations on the soft bottoms of the south-west lagoon
of New Caledonia: description, structure and biomass. Bot Mar 38(6):481-492.
Glardon CG, Walters LJ, Quintana-Ascencio PF, McCauley LA, Stam WT, Olsen JL.
2008. Predicting risks of invasion of macroalgae in the genus Caulerpa in Florida.
Biol Invasions 10(7):1147-1157.
Heck KL, Jr., Wetstone GS. 1977. Habitat complexity and invertebrate species richness
and abundance in tropical seagrass meadows. J Biogeogr 4(2):135-142.
Heiri O, Lotter AF, Lemcke G. 2001. Loss on ignition as a method for estimating organic
and carbonate content in sediments: reproducibility and comparability of results. J
Paleolimnol 25(1):101-110.
Hine AC, Brooks GR, Davis Jr RA, Duncan DS, Locker SD, Twichell DC, Gelfenbaum
G. 2003. The west-central Florida inner shelf and coastal system: a geologic
conceptual overview and introduction to the special issue. Mar Geol 200:1-17.
Larned ST. 1998. Nitrogen- versus phosphorus-limited growth and sources of nutrients
for coral reef macroalgae. Mar Biol 132(3):409-421.
Larson AA, Stachowicz JJ, Hentschel BT. 2009. The effect of a tube-building phoronid
on associated infaunal species diversity, composition and community structure. J
Exp Mar Biol Ecol 381(2):126-135.
Levi B, Friedlander M. 2004. Identification of two putative adhesive polypeptides in
Caulerpa prolifera rhizoids using an adhesion model system. J Appl Phycol
16(1):1-9.
Littler DS, Littler MM. 2000. Caribbean Reef Plants. Washington D.C.: OffShore
Graphics.
Meinesz A, Benichou L, Blachier J, Komatsu T, Lemée R, Molenaar H, Mari X. 1995.
Variations in the structure, morphology and biomass of Caulerpa taxifolia in the
Mediterranean Sea. Bot Mar 38(1-6):499-508.
Multer HG, Votava WE. New roles for Halimeda holdfasts. Proceedings of the 7th
International Coral Reef Symposium; 1992; UOG Station, Guam: University of
Guam Press. p. 887-892.
Nelson WA. 2009. Calcified macroalgae - critical to coastal ecosystems and vulnerable to
change: a review. Mar Freshwat Res 60(8):787-801.
46

Orth RJ. 1977. The importance of sediment stability in seagrass communities. Ecology of
marine benthos. Columbia: University of South Carolina Press. p. 281-300.
Perez-Castañeda R, Blanco-Martinez Z, Genaro Sanchez-Martinez J, Rabago-Castro JL,
Aguirre-Guzman G, De La Luz Vazquez-Sauceda M. 2010. Distribution of
Farfantepenaeus aztecus and F. duorarum on submerged aquatic vegetation
habitats along a subtropical coastal lagoon (Laguna Madre, Mexico). Journal of
the Marine Biological Association of the United Kingdom 90(3):445-452.
Paul VJ. 1985. The natural products chemistry and chemical ecology of tropical green
algae of the order Caulerpales. University of California, San Diego, University of
California, San Diego. p. 227.
Paul VJ, Hay ME. 1986. Seaweed susceptibility to herbivory: chemical and
morphological correlates. Mar Ecol Prog Ser 33(3):255-264.
Ragan J, Smosna R. 1987. Sedimentary characteristics of low-energy carbonate beaches,
Florida Keys. J Coast Res 3(1):15-28.
Ross MS, O'Brien JJ, da Silveira Lobo Sternberg L. 1994. Sea-level rise and the
reduction in pine forests in the Florida Keys. Ecol Appl 4(1):144-156.
Scoffin TP. 1970. Trapping and binding of subtidal carbonate sediments by marine
vegetation in Bimini Lagoon, Bahamas. J Sediment Petrol 40(1):249-273.
Stoner AW. 1980. The role of seagrass biomass in the organization of benthic
macrofaunal assemblages. Bull Mar Sci 30(3):537-551.
South GR. 1983. A note on two communities of seagrasses and rhizophytic algae in
Bermuda. Bot Mar 26(5):243-248.
Stockman KW, Ginsburg RN, Shinn EA. 1967. The production of lime mud by algae in
south Florida. J Sediment Res 37(2):633-648.
Tovey DJ, Moss BL. 1978. Attachment of the haptera of Laminaria digitata (Huds.)
Lamour. Phycologia 17(1):17-22.
van Tussenbroek BI, van Dijk JK. 2007. Spatial and temporal variability in biomass and
production of psammophytic Halimeda incrassata (Bryopsidales, Chlorophyta) in
a Caribbean reef lagoon. J Phycol 43(1):69-77.
van Tussenbroek B, Barba Santos M. 2011. Demography of Halimeda incrassata
(Bryopsidales, Chlorophyta) in a Caribbean reef lagoon. Mar Biol 158(7):14611471.
Vasconcelos MA, Schubart CLQ, de Szechy MTM. 2011. Temporal variation in
vegetative development of Caulerpa scalpelliformis (Chlorophyta) from Baleia
Beach, Ilha Grande Bay (Rio de Janeiro, Brazil). Braz J Oceanogr 59(2):145-152.
47

Wefer G. 1980. Carbonate production by algae Halimeda, Penicillus and Padina. Nature
285(5763):323-324.
Williams SL. 1984. Uptake of sediment ammonium and translocation in a marine green
macroalga, Caulerpa cupressoides. Limnol Oceanogr 29(2):374-379.
Williams SL. 1990. Experimental studies of Caribbean seagrass bed development. Ecol
Monogr 60(4):449-469.
Wolcott RT. 1978. Sieving precision; sonic sifter versus Ro-Tap. J Sediment Res
48(2):661-664.
Woodin SA. 1978. Refuges, disturbance, and community structure: a marine soft-bottom
example. Ecology 59(2):274-284.
Yñiguez A, McManus J, Collado-Vides L. 2010. Capturing the dynamics in benthic
structures: environmental effects on morphology in the macroalgal genera
Halimeda and Dictyota. Mar Ecol Prog Ser 411:17-32.
Zieman JC, Fourqurean JW, Iverson RL. 1989. Distribution, abundance and productivity
of seagrasses and macroalgae in Florida Bay. Bull Mar Sci 44(1):292-311.

48

Table 2.1: The number of rhizophytic algal individuals sampled by date and location (total area = 1.375 m2 at each site) and the
number of quadrats in which each species was found. Total quadrats with rhizophytic algae represent those with at least one
rhizophytic algal individual of any species present. Species richness = S. *Penicillus ? = juvenile Penicillus individuals that could not
be identified to species. n/a = individuals of Caulerpa spp. could not be enumerated due to growth form
Species
Caulerpa ashmeadii Harvey
Caulerpa cupressoides (Vahl) C. Agardh
Caulerpa prolifera (Forsskål) J.V. Lamouroux
Halimeda gracilis Harvey ex J. Agardh
Halimeda incrassata (J. Ellis) J.V. Lamouroux
Halimeda monile (Ellis & Solander) J.V. Lamouroux
Halimeda opuntia (L.) J.V. Lamouroux
Halimeda scabra M. Howe
Penicillus? *
Penicillus capitatus Lamarck
Penicillus dumetosus (J.V. Lamouroux) Blainville
Penicillus lamourouxii Decainse
Rhipocephalus oblongus (Decainse) Kützing
Rhipocephalus phoenix (J. Ellis & Solander) Kützing
Udotea caribaea D.S. Littler & M.M. Littler
Udotea flabellum (J. Ellis & Solander) M. Howe
Total # of individuals
Total # of quadrats with rhizophytic algae (n=22)
S

Bahia Honda
individuals quadrats
25
8
46
18
7
5
1
1
2
1
12
5
1
1
94
19
6

Mote T.R.L. '06
individuals quadrats
40
15
1
1
2
2
6
5
1
1
30
12
17
11
8
4
4
4
9
3
118
20
9

Mote T.R.L. '07
individuals quadrats
31
11
10
7
22
10
7
6
28
9
7
5
25
6
2
1
19
10
5
2
2
2
158
18
10

Little Duck Key
individuals quadrats
49
2
16
5
14
4
7
3
108
12
1
1
2
2
197
15
6

Sunset Beach
individuals quadrats
n/a
13
n/a
21
n/a
21
127
17
43
9
279
18
53
9
502
22
6
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Table 2.2: Mean (± SD) % cover of seagrass and number of quadrats with seagrass present (n = 22). Seagrass data for Mote TRL in
2007 are not available.

Site
Bahia Honda
Mote T.R.L. '06
Little Duck Key
Sunset Beach

Total %
seagrass

%
Thalassia

44.7 ± 26.5
7.7 ± 14.5
50.5 ± 15.8
17.3 ± 35.5

29.7 ± 17.3
7.7 ± 14.5
14.6 ± 18.1
17.3 ± 35.5

% Halodule or
Syringodium

# Plots w/
seagrass

# Plots w/
Thalassia

# Plots w/
Halodule

# Plots w/
Syringodium

15.0 ± 15.5
35.9 ± 18.4
-

22
8
22

22
8
14

7

7

0
0
20
0

21
0
0
0
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Table 2.3: Results of one-way analysis of similarity (ANOSIM) pairwise tests on
abundance, ash-free dry weight (AFDW), and holdfast volume of rhizophytic algal
species at all pairs of sites
Site Pair
Bahia Honda & Mote TRL '06
Bahia Honda & Mote TRL '07
Bahia Honda & Little Duck Key
Bahia Honda & Sunset
Mote TRL '06 & Mote TRL '07
Mote TRL '06 & Little Duck Key
Mote TRL '06 & Sunset
Mote TRL '07 & Little Duck Key
Mote TRL '07 & Sunset
Little Duck Key & Sunset

Abundance
R
p
0.225
0.0001
0.318
0.0001
0.296
0.0001
0.886
0.0001
0.090
0.0210
0.189
0.0060
0.766
0.0001
0.183
0.0010
0.698
0.0001
0.700
0.0001

AFDW
R
0.105
0.168
0.187
0.857
0.024
0.109
0.831
0.080
0.825
0.859

p
0.0070
0.0010
0.0010
0.0010
0.1860
0.0040
0.0130
0.0010
0.0010
0.0010

Holdfast Volume
R
p
0.165
0.0020
0.203
0.0010
0.280
0.0010
0.735
0.0010
0.014
0.2600
0.063
0.0450
0.515
0.0010
0.055
0.0590
0.541
0.0010
0.524
0.0010
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Table 2.4: Organic content (percent of sample weight ± SD) of whole aboveground rhizophytic algal thalli collected at each site.
* Sample includes additional individuals collected from the transect area (outside the quadrats) on the same day.

Species
Caulerpa ashmeadii
Caulerpa cupressoides
Caulerpa prolifera
Halimeda gracilis
Halimeda incrassata
Halimeda monile
Halimeda opuntia
Halimeda scabra
Penicillus capitatus
Penicillus dumetosus
Penicillus lamourouxii
Rhipocephalus oblongus
Rhipocephalus phoenix
Udotea caribaea
Udotea flabellum

Bahia Honda
% organic
n
12.6 ± 0.9
11
19.1 ± 1.2
3
8.0 ± 1.2
6
39.8 ± 3.7
9*
47.3 ± 6.3
9
-

Mote T.R.L. '06
% organic
n
20.4 ± 2.4
24
29.5 ± 2.6
4
39.2 ± 4.5
23
43.6 ± 11.5
12
60.5 ± 3.1
2
35.8 ± 6.0
6
-

Mote T.R.L. '07
% organic
n
22.8 ± 2.7
5
27.7 ± 3.0
5
33.8 ± 4.3
5
56.7 ± 7.0
4
32.7 ± 5.7
5
30.5 ± 4.2
5
29.7 ± 1.2
3
53.5 ± 7.3
2

Little Duck Key
% organic
n
12.7 ± 0.4
5
17.6 ± 4.9
6
14.5 ± 1.2
6
26.6 ± 3.3
6
-

Sunset Beach
% organic
n
85.7 ± 4.5
6
90.0 ± 2.3
6
90.6 ± 1.4
6
25.0 ± 2.2
5
39.9 ± 6.0
6
39.5 ± 3.6
6
-
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Table 2.5: Mean (± SD) of height (cm), holdfast depth (cm), and holdfast volume (ml) per rhizophytic individual for all algal species
present at each site. Individual holdfast volume means are not available for Caulerpa spp. because of its morphology. Halimeda
opuntia was not measured for height because after collection the in situ height of its tumbleweed-like growth form could not be
determined. Results for one-way ANOVA tests for differences in algal morphometrics among sites are denoted by *= p < 0.05, ** =p
< 0.01, and n.s. for p ≥ 0.05. Superscript letters denote statistical differences in morphometric means between sites.
Species
Caulerpa ashmeadii
Caulerpa cupressoides
Caulerpa prolifera
Halimeda gracilis

ANOVA Results
height depth volume
**
**
*

height
7.1 ± 1.8

Bahia Honda
depth
volume
2.5 ± 0.9 2.0 ± 2.0

9.7 ± 2.0a

3.5 ± 1.3

2.4 ± 1.4x

Halimeda incrassata

**

n.s.

**

Halimeda monile
Halimeda opuntia
Halimeda scabra
Penicillus capitatus

**
n/a
**
**

**
n.s.
**

n.s.
n.s.
**

1.8 ± 2.0 2.9 ± 4.0
n/a
7.3 ± 0.4a,b,c 2.7 ± 0.4i,j 2.0 ± 0.7x,y

*

n.s.

n.s.

13.1 ± 3.4b

4.3 ± 1.2

7.6 ± 6.3

**
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.

5.5

3.3

4

Penicillus dumetosus
Penicillus lamourouxii
Rhipocephalus oblongus
Rhipocephalus phoenix
Udotea caribaea
Udotea flabellum

Mote T.R.L. '06
Mote T.R.L. '07
height
depth
volume
height
depth
volume
9.3 ± 4.3a 3.1 ± 1.9 6.2 ± 7.0y 8.4 ± 3.8a 2.8 ± 1.4 3.4 ± 3.5x
a,b
i,j
a
i
7.8
1
4.1 ± 1.5 1.5 ± 1.1 1.4 ± 3.0
0.1
n/a
0
0
4.6 ± 1.0 0.9 ± 0.8 0.1 ± 0.1 3.1 ± 1.0 0.7 ± 0.4 0.2 ± 0.1
7.5 ± 2.2b,c 2.9 ± 1.4i,j 3.2 ± 3.1y 6.5 ± 1.4b 2.6 ± 1.0i 3.0 ± 2.5y
10.7 ± 4.1a 3.2 ± 1.8
a,b
7.6 ± 1.2
2.2 ± 1.3
5.7 ± 2.1 2.2 ± 1.7
5.8 ± 1.8 2.4 ± 1.3
-

a,b
6.1 ± 7.3 7.1 ± 2.9
a
2.2 ± 1.7 5.5 ± 1.1
1.7 ± 2.2 7.6 ± 2.0
2.2 ± 2.8 6.0 ± 1.9
4.5 ± 1.1
5.0 ± 1.4
-

2.9 ± 1.3 4.3 ± 3.2
3.1 ± 1.3
2.2 ± 0.2
2.2 ± 1.2
1.5 ± 1.4
3.0 ± 0.6

Little Duck Key
height
depth
volume
5.4 ± 1.9 3.7 ± 1.4 5.1 ± 4.8
6.7 ± 2.7a 4.3 ± 1.8
b

j

7.0 ± 2.3 3.5 ± 1.4
3.9 ± 1.2a 2.3 ± 0.8i

9.9 ± 8.8z

Sunset Beach
height
depth
volume
13.5 ± 6.9 5.1 ± 1.8
n/a
12.6 ± 3.4 7.3 ± 4.5
n/a
9.5 ± 2.8 3.0 ± 1.0
n/a
11.8 ± 5.6b 3.5 ± 1.9 2.4 ± 2.5x

5.8 ± 5.7
1.7 ± 1.6x

8.2 ± 3.1b,c 3.7 ± 2.2j 2.0 ± 1.8x

a,b
b
2.4 ± 1.8
5.1
9.8 ± 2.4
2.4
1.5
1.6 ± 0.6
2.0 ± 1.9
0.3 ± 0.4
1.2 ± 1.1 4.3 ± 1.1 6.5 ± 0.7 16.0 ± 11.3
-

-

-

3.8 ± 2.2
-

2.0 ± 1.7
-
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Table 2.6: Sediment organic and carbonate composition (mean percentage of sample dry weight ± SD, n = 3) for the four transect
sampling sites in Florida. Mean sediment depth (n = 10) in the sampling area at each site. Median sediment grain size present at each
site is followed by the percent of sediment sample dry weight made up of particles of each grain size category (mean % ± SD, n=3) at
each site.

Site
Bahia Honda
Mote T.R.L.
Little Duck Key
Sunset Beach

%
%
organic carbonate ±
± s.d.
s.d.
3.0 ± 0.5 56.4 ± 0.3
2.8 ± 0.2 56.4 ± 0.1
2.7 ± 0.4 56.3 ± 0.6
2.0 ± 0.4
2.7 ± 1.0

Median
Sediment grain size
depth (cm)
(mm)
> 2 mm
27.6 ± 6.9
0.25
13.1 ± 1.5
12.4 ± 7.5
0.5
15.8 ± 5.8
45.6 ± 8.5
0.5
8.3 ± 4.9
49.3 ± 26.1
0.125
1.0 ± 1.4

> 1.0 mm
14.5 ± 2.0
19.5 ± 3.0
31.0 ± 4.2
0.8 ± 0.3

> 0.5 mm
18.9 ± 1.7
24.7 ± 2.8
37.1 ± 5.2
3.9 ± 0.3

> 0.25 mm
32.3 ± 6.1
20.6 ± 3.8
12.6 ± 3.9
19.0 ± 1.1

> 0.125 > 0.0625 < 0.0625
mm
mm
mm
13.9 ± 1.4 5.2 ± 2.5 2.1 ± 0.8
12.1 ± 2.6 5.1 ± 1.5 2.1 ± 1.1
3.2 ± 1.2 4.4 ± 2.7 3.3 ± 2.5
55.3 ± 1.1 19.0 ± 0.9 0.9 ± 0.1
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Table 2.7: Organic and carbonate content (percent of sample weight ± SD) of rhizophytic algal holdfasts by site. * Sample includes
additional individuals collected from the transect area (outside the quadrats) on the same day.

Species
Caulerpa ashmeadii
Caulerpa cupressoides
Caulerpa prolifera
Halimeda gracilis
Halimeda incrassata
Halimeda monile
Penicillus capitatus
Penicillus dumetosus
Penicillus lamourouxii
Rhipocephalus oblongus
Rhipocephalus phoenix
Udotea flabellum

Bahia Honda
organic
n carbonate n
8.2 ± 1.8 4 54.7 ± 1.2 4
6.3 ± 1.6 26 55.9 ± 0.6 6
4.5 ± 1.0 11* 56.0 ± 1.1 11
6.1 ± 1.6 10 55.4 ± 0.8 10
-

Mote T.R.L.
organic
n carbonate
6.0 ± 1.2 24 55.0 ± 1.1
4.4 ± 0.8 2
56.5
5.6 ± 1.3 28 55.5 ± 0.8
5.1 ± 1.2 7 55.7 ± 0.6
5.8 ± 1.3 18 55.3 ± 1.3
5.0 ± 0.4 2
5.9 ± 1.5 10 54.7 ± 1.0
-

n
11
1
12
4
4
4
-

Little Duck Key
organic
n
4.6 ± 0.8
44
5.3 ± 1.0
15
5.3 ± 0.9
9
5.1 ± 1.2
70
4.3 ± 1.0
2

Sunset Beach
organic
n carbonate n
17.7 ± 1.5 4
23.7 ± 8.3 19
15.4 ± 4.5 15
7.1 ± 1.5 24 5.7 ± 1.3 8
5.7 ± 2.1 23 4.9 ± 1.3 8
5.4 ± 1.5 11
-
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Table 2.8: Pearson correlation of aboveground thallus wet weight (g) and holdfast
volume (ml) and of thallus height (cm) with holdfast depth (cm). r = Pearson product
moment correlation coefficient

WW & Volume
r
p

Height & Depth
r
p

0.4763
0.4612
0.7352

0.0533
0.0013
0.0042

-0.1071
-0.1436
-0.3344

0.6825
0.3409
0.2642

Mote TRL '06
Halimeda incrassata
Halimeda scabra
Penicillus capitatus
Penicillus dumetosus
Penicillus lamourouxii
Rhipocephalus oblongus
Rhipocephalus phoenix

0.0898
-0.5738
-0.1123
0.5559
0.1328
0.9410
0.9104

0.6078
0.2338
0.5547
0.0314
0.8020
0.0589
0.0318

-0.0990
-0.7171
0.2778
-0.3742
0.2783
0.8043
0.8596

0.5716
0.1087
0.1371
0.1694
0.5933
0.1957
0.0618

Mote TRL '07
Halimeda incrassata
Halimeda monile
Halimeda scabra
Penicillus capitatus
Penicillus dumetosus
Penicillus lamourouxii
Rhipocephalus phoenix
Udotea caribaea

0.3029
0.6883
-0.1035
0.3619
0.4765
0.2628
0.5525
0.8998

0.1102
0.0278
0.6552
0.0755
0.3394
0.2045
0.0405
0.0375

-0.0123
0.2750
-0.2800
0.6330
-0.6772
0.2245
0.4123
0.7013

0.9495
0.4419
0.2190
0.0007
0.1395
0.2807
0.1429
0.1870

Little Duck Key
Halimeda gracilis
Halimeda incrassata
Halimeda monile
Penicillus capitatus

0.5937
0.7291
0.1974
0.6721

< 0.0001
0.0014
0.4987
< 0.0001

0.2327
0.0780
0.1603
0.2794

0.1076
0.7740
0.5842
0.0145

Sunset Beach
Halimeda incrassata
Penicillus capitatus
Penicillus lamourouxii

0.6893
0.3792
0.5366

< 0.0001
< 0.0001
< 0.0001

-0.0929
-0.0554
-0.1331

0.3008
0.3961
0.3468

Species
Bahia Honda
Halimeda gracilis
Halimeda incrassata
Penicillus dumetosus
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Table 2.9: Aboveground biomass (g/m2 AFDW) and belowground holdfast volume
(ml/m2) data for dominant rhizophytic algal species by site. Results are also presented for
SIMPER analyses of the percentage contribution of each species to the within site
similarity for aboveground biomass (AFDW) and belowground holdfast volume, as well
as the average similarity between quadrats at each site for AFDW (above) and holdfast
volume (below).

Species
Bahia Honda
Halimeda incrassata
Halimeda opuntia
Halimeda gracilis

Mean
AFDW
(g/m2)

Mean
AFDW
Holdfast Vol.
Holdfast Vol. Contribution Contribution
(ml/m2)
(%)
(%)

8.88
11.05
3.15

79.85
12.65
27.85

82.55
8.13
N/A

88.90
N/A
6.97

Mote TRL '06
Halimeda incrassata
Penicillus capitatus
Penicillus dumetosus

8.75
5.08
7.62

158.33
70.55
71.05

38.47
32.98
23.88

35.90
41.85
18.56

Mote TRL '07
Halimeda incrassata
Penicillus capitatus
Halimeda scabra
Rhipocephalus phoenix
Penicillus lamourouxii
Halimeda monile

6.16
6.57
2.62
1.85
2.33
0.93

70.91
56.65
4.69
23.71
43.02
10.47

23.79
22.76
20.29
14.38
7.42
6.64

27.62
27.53
5.08
21.70
9.20
N/A

Little Duck Key
Penicillus capitatus
Halimeda incrassata
Halimeda monile

3.39
3.19
1.90

122.44
115.05
59.49

76.62
13.31
6.15

80.37
12.09
N/A

Sunset Beach
Caulerpa cupressoides
Caulerpa prolifera
Penicillus capitatus
Halimeda incrassata

47.43
15.30
18.67
10.84

203.71
103.86
371.35
220.00

52.53
16.91
14.57
10.32

Avg. Similarity
above
below
28.23
35.36

21.06

21.8

15.11

14.34

9.26

16.47

57.35

53.04

32.68
15.47
25.18
18.81
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Table 2.10: Comparison of rhizophytic algal thallus (and seagrass short shoot) densities by plant type and location

Plant(s)
Rhizophytic algae
Halimeda incrassata

Halimeda monile
H. incrassata and H. monile
Penicillus capitatus
Penicillus spp.
Udotea flabellum

Udotea spp.
Thalassia testudinum

# thalli m-2
68 - 580
18.2 - 92.4
12
88
99
0.8 - 13
36
1.5 - 202.9
7
3.6 - 272.6
30
0.7 - 1.5

Location
all sites

all sites
Whalebone Bay, Bermuda
Pico Feo, Panama
Puerto Morelos, Mexico
Mote TRL & Little Duck Key
Antigua
all sites
Whalebone Bay, Bermuda
all sites
Pico Feo, Panama
Bahia Honda, Mote TRL '07
and Little Duck Key
0.8
Whalebone Bay, Bermuda
76
Abrolhos Marine Park, Brazil
0.7 - 5.1 all sites (except Sunset Beach)
6
Pico Feo, Panama
350 - 450 Sunset Beach

Source
present study
present study
South (1983)
Freile and Hillis (1997)
van Tussenbroek and van Dijk (2007)
present study
Multer (1988)
present study
South (1983)
present study
Freile and Hillis (1997)
present study
South (1983)
Creed and Filho (1999)
present study
Freile and Hillis (1997)
Pinellas County, unpubl data
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Table 2.11: Comparison of rhizophytic algal/seagrass community dry weight by plant type and location
Plant(s)
Rhizophytic algae
Attached algae (mostly P.
capitatus and U. occidentalis )
Halimeda incrassata

Penicillus capitatus
Penicillus spp.
Udotea flabellum

Udotea spp.
Rhipocephalus spp.
Thalassia testudinum

Biomass (g dw m-2)

Location

Source

76.4 - 226.7
81.7 - 126.3
6.4 - 137

all sites
Biscayne Bay, FL USA
Laguna Madre, Mexico

present study
Biber and Irlandi (2006)
Pérez-Castañeda et al. 2010

18.1 - 46.5
5.8
103.3
0.3 - 46.8
1.2
84.4
4.0 - 69.3
0.2 - 0.8

all sites
Card Sound, FL USA
Puerto Morelos, Mexico
all sites
Card Sound, FL USA
Sunset Beach
Biscayne Bay, FL USA
Bahia Honda, Mote TRL '07
and Little Duck Key
Card Sound, FL USA
Abrolhos Marine Park, Brazil
Biscayne Bay, FL USA
Mote TRL '06 & ' 07,
Biscayne Bay, FL USA
Sunset Beach

present study
Bach (1979)
van Tussenbroek and van Dijk (2007)
present study
Bach (1979)
present study
Biber and Irlandi (2006)
present study

0.4
11.8
0.3 - 7.0
1.4 and 3.4
0.1 - 3.1
81.3 - 187.5

Bach (1979)
Creed and Filho (1999)
Biber and Irlandi (2006)
present study
Biber and Irlandi (2006)
Pinellas County, unpubl data
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Table 2.12: Comparison of reported means of rhizophytic algal thallus height, holdfast depth, and holdfast volume by plant type and
location. * Values represent the modal size class of thallus height at that location. "Brush-like algae" = Penicillus spp. and
Rhipocephalus spp. combined.
Thallus
Height
(cm)
Plant(s)
Halimeda incrassata
14.9
9.89
Halimeda gracilis
8 - 8.9*
Halimeda spp.
~7
Penicillus capitatus 4 - 4.9*
"Brush-like algae"
~ 7.5 & 7
Udotea flabellum
8 - 8.9*
Udotea spp.

~5

Holdfast Holdfast
Depth
Volume
(cm)
(ml)
Location
Key Largo, FL USA
Pico Feo, Panama
2.03 Bocas del Toro, Panama
~ 4 & 3.5
Puerto Morelos, Mexico (two sites)
0.96 Bocas del Toro, Panama
~ 2 & 1.5
Puerto Morelos, Mexico
6.8 and Bocas del Toro, Panama (two sites)
4.2
2.5 & 1
Puerto Morelos, Mexico (two sites)

Source
Davis & Fourqurean (2001)
Freile and Hillis (1997)
Anderson et al. (2006)
Cruz-Palacios and van Tussenbroek (2005)
Anderson et al. (2006)
Cruz-Palacios and van Tussenbroek (2005)
Anderson et al. (2006)
Cruz-Palacios and van Tussenbroek (2005)
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Figure 2.1: Transect sampling sites in Florida: Sunset Beach (28° 08.72' N, 82° 47.51'
W), Mote Tropical Research Laboratory (24° 39.62' N, 81° 27.31' W), Bahia Honda (24°
39.37’ N, 81° 16.80’ W), and Little Duck Key (24° 40.83' N, 81° 13.78' W)
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350

total and ash-free dry weight (g)

Caulerpa ashmeadii
300
250

Caulerpa cupressoides
Caulerpa prolifera
Halimeda gracilis

200

Halimeda incrassata
Halimeda monile

150
100

Halimeda opuntia

Halimeda scabra
Penicillus ?

50
0

Penicillus capitatus
Penicillus dumetosus

Penicillus lamourouxii
Rhipocephalus oblongus
Rhipocephalus phoenix

Figure 2.2: Aboveground rhizophytic algal biomass as total dry weight and ash-free dry weight by species composition and
site/sampling date. Total area of 1.375 m2 per site/sampling date
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Mote T.R.L. '06

Mote T.R.L. '07

Little Duck Key

Sunset Beach

Figure 2.3: Rhizophytic algal holdfast volume by species composition at each site/sampling date. Total area of 1.375 m2 per
site/sampling date
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CHAPTER THREE
REGENERATION AND RECOLONIZATION OF RHIZOPHYTIC GREEN ALGAE
(BRYOPSIDALES, CHLOROPHYTA) BY VEGETATIVE REPRODUCTION IN FIELD
EXPERIMENTS

Introduction:
Algae of the order Bryopsidales (Caulerpa, Halimeda, Penicillus, and Udotea)
are large abundant primary producers in tropical and subtropical psammophytic
communities (Dawes 1998) and are known to play a facilitative role in the succession of
tropical seagrass communities (den Hartog 1971, Williams 1990). Though they have
received relatively little attention in ecological studies compared to seagrasses and rocky
intertidal macroalgae, rhizophytic algae possess many unique biological traits that have
ecological implications. These include: coenocytic thalli (no internal cell walls or plasma
membranes separating individual nuclei); holocarpic sexual reproduction in the form of
synchronous mass spawning (Clifton 1997, Phillips 2009); calcareous thalli which
produce sediments important to the global carbon cycle (Wefer 1980, Nelson 2009); and
possession of bioactive terpenoid secondary metabolites (Paul and Fenical 1986).
Moreover, the rhizoidal holdfasts that allow these algae to anchor in soft sediment
habitats (Anderson et al. 2006) and uptake nutrients from relatively nutrient-rich
porewater, avoiding nutrient limitation in oligotrophic tropical waters are also distinctive
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(Williams 1984, Larned 1998). Utilization of the three dimensional nature of soft
sediment habitats and the location of holdfasts (which can regenerate) below the sediment
surface provides rhizophytic algae a spatial refuge from grazers in contrast to epilithic
algae whose holdfasts are vulnerable to herbivores (Bach 1979, Milligan and DeWreede
2000), as well as a potential reduction in competition for space.
Bryopsidalean rhizophytic algae are found in the Atlantic, Pacific, and Indian
Ocean basins and are most diverse in the tropics (Kerswell 2006). Because these algae do
not require hard substrate to anchor, they are able to colonize habitats that seldom used
by other erect macroalgae and often co-occur with seagrasses (Dawes 1998). In soft
bottom habitats and seagrass communities, rhizophytic algae can occur in dense beds
with > 500 individuals m-2 (Chapter 2) and contribute considerable biomass (227 g DW
m-2,Chapter 2) sometimes exceeding that of seagrasses (Garrigue 1995, Creed and Filho
1999). Despite the prominence of these algae, relatively little is known about most taxa of
rhizophytic algae, with the exception of invasive Caulerpa species which have received
the most attention and have been the subject of the majority of field experiments on
rhizophytic algae. Few studies have been conducted on the ecological importance of
rhizoidal holdfasts. However, one major study highlighted experimentally the importance
of colonization by native rhizophytic algae (mainly species of Halimeda and Penicillus)
in seagrass bed development, demonstrating that algal thalli increase the sediment
nutrient supply over time, thus facilitating recolonization by seagrasses (Williams 1990).
In Williams’ (1990) long-term study, the initial colonization (first two months), biomass,
and occupation of belowground space by holdfasts of colonizing rhizophytic algae were
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not examined and mechanisms by which belowground components contribute to
development and persistence of rhizophytic algal assemblages remain poorly known.
The holdfasts of psammophytic bryopsidalean algae are formed by rhizoids, fine
non-pigmented hair-like coenocytic extensions of the multi-nucleate single-celled thallus,
which secrete proteinaceous glue and entrap sediment particles (Multer and Votava 1992,
Levi and Friedlander 2004, Anderson et al. 2006, Fagerberg et al. 2012). Generally,
rhizophytic algae have a single bulbous holdfast (Figure 3.1), but Caulerpa spp. have
multiple tufts of rhizoids along horizontal stolons that run along the sediment surface.
Additionally, Caulerpa thalli are not calcified. In Caribbean subtidal carbonate
sediments, the single large rhizoidal holdfasts of the calcareous genera rank third among
vegetation types, behind Rhizophora mangle L. and Thalassia testudinum Banks ex
König, for ability to stabilize sediments (Scoffin 1970). Sediment stabilization is critical
to succession in soft sediment communities as it facilitates the recruitment of benthic
organisms (Gallagher et al. 1983, Larson 2009).
In the soft sediment communities inhabited by rhizophytic algae, disturbance is
thought to play a structuring role (Patriquin 1975, Thistle 1981) and burial and erosion
(due to movement of sediment by storms, bioturbation, or other disturbance) provide
challenges to the persistence of ramets, while also creating new patches for colonization
(Patriquin 1975, Williams et al. 1985, Fourqurean and Rutten 2004, van Tussenbroek et
al. 2008). The role of belowground rhizophytic algal holdfasts/rhizoids and their roles in
regeneration and vegetative propagation are relatively unexplored and are likely

66

important in maintaining and expanding the populations of these psammophytic algae in
the face of the physical and biological disturbances common in soft sediment habitats.
Unfortunately, while some information on regeneration in coenocytic rhizophytic
algae exists, it is largely descriptive in nature and little quantitative information from
field studies exists. Kupper (1907) removed the filamentous caps (Figure 3.1) of an
unstated number of Penicillus capitatus Lamarck thalli in situ and observed new cap
filaments after 38 days. Bach (1979) noted regrowth of new upright axes from rhizoidal
holdfasts of Halimeda spp. after severe urchin grazing at one station, smothering by a
thick mat of drift algae at another, and winter overgrowth by sponges at many stations.
After many Halimeda incrassata (J. Ellis) J.V. Lamouroux individuals lost upper
portions of their thalli or were buried by a tropical storm, Williams (1988) reported
regeneration of the upper portions of the thalli and noted that the population returned to
pre-storm levels in less than six months. In a manipulative field experiment, Vroom et al.
(2003) found regrowth of epilithic Halimeda tuna (Ellis & Solander) Lamouroux plants
which had been reduced to a holdfast and 3 basal segments. These field studies point to
the role of regeneration in maintaining populations of rhizophytic algae, similar to the
role of regeneration in maintaining populations of multicellular laminarian algae on rocky
coasts (Armstrong 1988).
Additional information from aquarium studies on regeneration in bryopsidalean
rhizophytic algae (Hillis-Colinvaux et al. 1965, Hillis-Colinvaux 1972, Matilsky and
Jacobs 1983, Mariani Colombo and De Carli 1980) confirms regeneration as a typical
response to wounding and provides detailed descriptions of the morphological and
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ultrastructural processes involved. However, if changes in the holdfast occur due to new
upright thallus production remains unknown, as do normal changes in the holdfast over
the lifespan of a ramet. In vascular plants, including seagrasses that share a habitat with
rhizophytic algae, rhizomes act as storage structures and their reserves become depleted
when regenerating new shoots (Dawes and Lawrence 1979, Preen 1995). It is not known
if the holdfasts of coenocytic rhizophytic algae serve as a type of storage organ, but an
ultrastructural study revealed a high concentration of amyloplasts in the rhizoids of
Caulerpa prolifera (Forsskål) J.V. Lamouroux, in comparison with other parts of the
thallus, suggesting the potential of belowground starch storage (Dawes and Rhamstine
1967).
Bryopsidalean rhizophytic algae are clonal organisms that use vegetative
propagation as a primary mode of reproduction (Colinvaux et al. 1965, Walters and
Smith 1994, Vroom et al. 2003, Wright and Davis 2006). Vegetative reproduction in
rhizophytic algae occurs via two primary mechanisms: fragmentation and production of
new ramets via rhizoidal runners. Of these, fragmentation has received more attention
and is a process in which a piece of a thallus breaks off due to physical or biological
disturbance, and reattaches in a new location where it regenerates the missing portions of
the plant, thereby forming a new ramet of the parent plant. Fragmentation has been
reported as a mode of asexual reproduction for a number of Caulerpa and Halimeda
species and is considered important to the spread of invasive Caulerpa species (Walters
and Smith 1994, Smith and Walters 1999, Ceccherelli and Piazzi 2001, Wright and Davis
2006, Khou et al. 2007).
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The production of new ramets by rhizoidal runners a short distance away from the
parent plant (Figure 3.1) has been documented in species of Halimeda, Penicillus, and
Udotea (Hillis-Colinvaux et al. 1965, Friedmann and Roth 1977, Drew and Abel 1988,
Anderson et al. 2006). Vegetative propagation of rhizophytic algae by coenocytic
rhizoidal runners has also been documented in culture (Hillis-Colinvaux 1972, Friedmann
and Roth 1977, Drew and Abel 1988) and these authors describe rhizoidal runners as
thin, delicate, colorless, temporary, belowground connections between an old and a new
ramet that can reach up to 20 cm long; resembling a thick rhizoid. Such rhizoidal
connections have been observed less often in field settings (Hillis-Colinvaux 1972,
Anderson et al. 2006, L. Bedinger personal observation). Recruitment of rhizophytic
algae via these difficult-to-see rhizoidal connections is implicated in studies in which new
ramets appeared near adult plants when no sexual reproduction had been observed, as
well as by the clustered distribution of naturally occurring individuals (Hillis-Colinvaux
1972, Williams 1988 and 1990). Since these plants are a single large cell (acellular,
coenocytic), it is likely that material is transferred from the cytoplasm of the parent plant
through these rhizoids to the daughter ramet (Littler and Littler 1999). Importantly, while
sexual reproduction of bryopsidalean algae results in the death of the ramet (Clifton and
Clifton 1999), asexual reproduction by rhizoids allows a single ramet to both persist and
produce a number of daughter ramets (Hillis-Colinvaux 1972, Friedmann and Roth
1977). The contribution of asexual reproduction via rhizoidal runners to the colonization
of bare areas by rhizophytic algae is poorly known. However, in other algae vegetative
propagation is known to provide a constant supply of new recruits that can rapidly
colonize nearby open patches (Airoldi 2000).
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Here I describe a study that investigated the modes of rhizophytic algal response
to disturbance and implications for colonization by and persistence of these algal
populations. Specifically, I examined the regeneration of upright thalli from holdfasts and
the initial colonization of bare patches by rhizophytic algae using a set of field
experiments. I asked the following questions: 1) Will holdfasts of three species of
rhizophytic algae regenerate and with what frequency? 2) Does the regeneration of the
upper part of the thallus impact the size of the holdfast (i.e. are resources reallocated from
belowground to aboveground)? 3) When patches are cleared, what is the species
composition, biomass, and holdfast volume of initial rhizophytic algal recruits? 4) Does
the transplantation of whole plants or holdfasts of a single species into the cleared patch
affect the quantity and species composition of the recruits?

Methods:
Overview of study design and locations
A series of manipulative field experiments involving cleared plots and the
transplantation of three species of rhizophytic algae were conducted at three subtidal
coastal sites (< 7 km apart) on the central west coast of Florida. Experimental
manipulation and sampling was conducted using snorkel gear. Sites included Sunset
Beach (28° 8.72' N, 82° 47.51' W), Fred Howard Park (28° 9.19' N, 82° 48.21' W), and
Crystal Beach (28° 5.3' N, 82° 46.98' W) on the central west coast of Florida. All sites
had primarily quartz sand sediments (median grain size 0.125 mm) and can be
characterized as patchworks of rhizophytic algal and seagrass (primarily Thalassia
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testudinum) beds that contain understory rhizophytic algae. Experimental plots at all sites
were located in rhizophytic algae-only areas with a water depth of ~ 1 m and salinities
that ranged from 28 to 36 psu.

Regeneration from manipulated holdfasts
To determine how frequently regeneration takes place (Question 1) and to
measure the amount of new aboveground material generated for three different species, a
set of experiments was conducted in which rhizophytic algae were subjected to simulated
disturbance. Experimentally wounded thalli, reduced to the base of the stipe (Figure 3.1)
and holdfast, of three species, Halimeda incrassata, Penicillus capitatus, and Udotea
conglutinata (J. Ellis & Solander) J.V. Lamouroux, were transplanted after wounding into
cleared plots. Quadrats (20 x 20 cm) were haphazardly placed in the rhizophytic algal
bed, marked at diagonal corners with numbered poles, and cleared of all vegetation both
above and below the sediment surface. After removal of all visible vegetation, the
sediment was “combed” (to a depth ~ 5 cm) until all rhizophytic algal holdfasts and any
other detectable plant material was removed. Healthy (green and epiphyte-free)
individuals of the desired species were collected, reduced to a holdfast with a small stub
of stipe, and planted in monoculture into cleared plots with the holdfast completely
buried and the stipe stub exposed, as is the normal position of the holdfast in the
sediments. Approximately 1.5 cm stubs of stipe were left to ensure that holdfasts were
planted right side-up, to allow for tagging, and to allow holdfasts to be seen during field
monitoring. This piece of stipe left attached to the holdfast in the experimental
manipulation was similar to the amount most often seen on plants in the field that are
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missing the top portion of the thallus and consisted of the base of the stipe in P. capitatus
and usually 2.5–3 of the basal segments in H. incrassata.
I predicted that a majority of the wounded plants, regardless of species, would
regenerate new aboveground thalli in a matter of weeks. Regeneration of stipes from
holdfasts was examined at three sites in the summers of 2008, 2009, and 2010 (Table
3.1). Plots were checked weekly over the course of the experiment at which time they
were inspected for any visible signs of disturbance and cleared of drift vegetation. At the
conclusion of each field experiment all rhizophytic algae (manipulated thalli and new
thalli) in the plots were harvested and the sediment “combed” for any algal material. All
material collected was placed in a labeled bag, put on ice, and transported to the lab
where samples were stored in the freezer. After thawing, measurements of holdfast
volume (ml) as measured by displacement of water in a graduated cylinder and height
(cm) of new material were recorded. All pieces (holdfast, new stipe material, and
manipulated stipe stub) of each thallus were dried at 60° C and weighed.

Holdfast size and regeneration
Regenerating holdfasts harvested at the conclusion of the June 2008 (Table 3.1)
experiment appeared smaller than when planted. However, in June 2008 individual
holdfasts were not marked and quantification/verification of volume lost was not
possible. To examine if regeneration of the upper part of the thallus impacts the size of
the holdfast through the mechanism of cytoplasm being relocated from the rhizoids to the
regenerating stipe, individuals were tagged with a thin plastic thread and a small
waterproof tag and their holdfast volume was measured before transplantation in August
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2009 and August 2010 experiments (Table 3.1). In August 2009 all thalli of P. capitatus
and H. incrassata were reduced to holdfasts (and a ~1.5 cm stub of the stipe base) and
planted in monoculture (as described above). In August 2010, 50 % of the individuals of
each species in were left whole for transplantation into plots that contained all four types
of algal treatments (Table 3.1) to allow for a comparison of percent change in holdfast
volume between regenerating and whole individuals. Comparisons of holdfast volume
lost during the experiments were made between species using a Student’s t-test on results
from August 2009 and among the four algal treatments using one-way ANOVA on
August 2010 results. Pearson correlations were used to determine the relationship
between holdfast volume, stipe stubs, and the growth of new material over the August
2009 experimental period. Finally, the mean percentage of the initial holdfast volume lost
in the August 2010 experiment was then compared with that of the handling control
experiment (Appendix A); after finding no difference between algal treatments in the
handling control experiment (Appendix A), values were pooled for a one-way ANOVA
followed by Dunnett’s Test comparing mean percentage of holdfast volume lost by the
handling control samples vs. that of each algal treatment collected from the field
experiment.

Recruitment of new plants
In the field experiments in the summer of 2009 (Table 3.1), I investigated the
recolonization of cleared plots by rhizophytic algal recruits (whole new thalli that
appeared in the plots during the experimental period) and examined the effect of adding
holdfasts and whole plants of H. incrassata and P. capitatus to the plots on recruitment.
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The plots were surrounded by 10 cm cleared border that was “weeded” weekly. All new
thalli that appeared in the plots over the experimental period were identified to species
(with the exception of juvenile Penicillus that had not yet developed caps and were
identified only to the genus level) and their height (cm), aboveground wet and dry weight
(g), holdfast volume (ml), and holdfast dry weight (g) were measured. Halimeda
incrassata thalli formed from fragments do not resemble juvenile thalli (L. Bedinger
personal observation) and those fragments that landed in the plots were visually
identified, weeded out, and/or not included in results to maintain the integrity of the
treatments. Penicillus capitatus is not known to recruit from fragments. No thalli in
sexually reproductive condition were observed at any of the sites during the experimental
period, nor at any time before or since, by the author and there are no reports of sexual
reproduction in H. incrassata or P. capitatus from the central west coast of Florida.
Moreover, the new individuals produced by sexual reproduction require months to appear
as recognizable thalli (Meinesz 1980, van Tussenbroek and Barba Santos 2011).
In the summer of 2009 experiments, I predicted that plots planted with whole
thalli would contain the largest number of recruits, that unplanted cleared plots would be
colonized by the fewest recruits, and that plots planted with only holdfasts would have an
intermediate number of colonizers. This prediction was tested using one-way ANOVA
followed by a Tukey test. All count data were (Y + 0.5)0.5 transformed. I expected the
species composition of the colonizers in a plot to be skewed towards the species planted
in that plot and this hypothesis was also tested with two separate one-way ANOVAs
comparing the mean number of P. capitatus and H. incrassata recruits per plot among the
treatments. One-way ANOVA followed by a Tukey test was also used to examine
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differences between treatments in biomass (DW g m-2) and holdfast volume (ml m-2)
between treatments in separate tests for each variable.
In the summer of 2008, I allowed cleared plots at Sunset Beach and Fred Howard
Park to recolonize naturally over 51 days (Table 3.1). All new thalli were identified to
species, and measured for height (distance from top of holdfast to uppermost portion) and
stolon length in the case of Caulerpa species. Additionally aboveground dry weight,
holdfast depth, holdfast volume, and holdfast dry weight were measured in the samples
from Fred Howard Park. On the day of harvest, species composition of the vegetation in a
10 cm border around the plots was assessed by assigning a Braun-Blanquet (BB) score
(1 = 1-5%, 2 = 5-33%, 3 = 33-67%, 4 = 67-95%, 5 = 95-100%) to each species present in
the border. Results (mean ± SD for the number of recruits inside plots with each border
BB score for that species) were plotted to examine if a species was more abundant inside
the plots if it received a higher BB score in the border. Differences in recruitment of
Caulerpa cupressoides at Sunset Beach, measured by stolon length (cm), into plots with
varying border BB scores for that species was tested using one-way ANOVA followed by
a Tukey test.

Results:
Regeneration from manipulated holdfasts
All species tested showed the ability to regenerate from holdfasts (Table 3.2) and
showed a similar pattern of regeneration in which new material grew straight up from the
stipe stub producing a continuation of the stipe (although smaller in diameter). In P.
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capitatus a new cap was formed on top of new stipe material. Similarly, U. conglutinata
formed the beginnings of new fan on top of the new stipe material and in H. incrassata
new basal segments formed above the cut segment and those formed branches above. In
some cases, holdfasts regenerated in a different manner with new plants forming directly
from the side of the holdfast rather than from the cut stipe. Not all species regenerated
with the same frequency and there was some difference between experiments for a single
species. The percentage of U. conglutinata holdfasts that regenerated (35%) was less than
that of H. incrassata (76%) and P. capitatus (75%) in June 2008. At Crystal Beach in
August 2009 and August 2010, a larger percentage of H. incrassata (94 and 93%,
respectively) and P. capitatus (98 and 100%, respectively) holdfasts regenerated than in
the June 2008 and June 2009 experiments at Sunset Beach (Table 3.2). The amount of
aboveground material regenerated over the experimental periods was not large with, for
example, 0.03 ± 0.001 g/individual for H. incrassata and 0.02 ± 0.002 g/individual for P.
capitatus (mean ± SE) over the 22-24 day period at Crystal Beach in August 2009 and
less in the shorter experiments at Sunset Beach and Fred Howard Park in 2008 (Table
3.2). Over the 22-24 d experiment in August 2009 at Crystal Beach, the new growth on
holdfasts reached a mean height of 4.6 ± 0.26 cm in H. incrassata and 1.7 ± 0.06 cm in P.
capitatus; again with similar mean heights for those species at that site in 2010 (Table
3.2).

Holdfast size, regeneration, and handling control
The experimental treatments and handling alone had the effect of reducing the
volume of holdfasts as expected (Table 3.3). Analysis of holdfast size at the conclusion of
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the experiment at Sunset Beach in 2009 indicated that mean holdfast volume in the whole
plant treatment was significantly larger than that of the holdfast treatment for both H.
incrassata (t = 4.25, p < 0.001) and P. capitatus (t = 6.66, p < 0.001). At Crystal Beach in
August 2009, tagged P. capitatus holdfasts lost significantly larger percentage of their
initial volume than tagged H. incrassata holdfasts (Table 3.3, t = 5.80, p < 0.001). In
August 2010, tagged H. incrassata whole plants lost significantly less holdfast volume
than all of the other treatments, which were not different from each other (Table 3.3, F 3,
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= 5.22, p = 0.003). Two holdfasts in the HW (Halimeda whole) treatment increased in

volume over the course of the experiment. No increase occurred in any of the other
treatments. However, there were instances of holdfasts maintaining their volume in all of
the treatments except the HH (Halimeda holdfast) treatment. The amount of holdfast
volume lost due to handling was not significantly different between any of the treatments
(Table 3.3, F 3, 20 = 1.08, p = 0.382). An ANOVA followed by a Dunnett’s test indicated
that the mean percentage of holdfast volume lost in the HH treatment in Aug 2010 was
statistically more than that lost in any of the other three treatments and the handling
control (Table 3.3, F4, 75 = 5.78, p < 0.001).
Results from the August 2009 experiment at Crystal Beach indicate there was no
correlation between the percentage of the holdfast volume lost and the dry weight of the
new aboveground material generated for either species (Table 3.4). There were, however,
positive correlations between initial holdfast size and both the height and dry weight of
the new aboveground material for both species (Table 3.4). Dry weight of the stipe stub
was significantly positively correlated with amount of new material generated in both
species and this relationship was stronger in H. incrassata (Table 3.4). Stipe stub dry
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weight was positively correlated with the initial holdfast volume in H. incrassata, but this
relationship was not significant in P. capitatus (Table 3.4).

Recruitment of new plants
In all experiments, recruitment of new rhizophytic algal thalli occurred into some
of the plots. In the experiment at Sunset Beach in 2009, 40 of the total 46 plots had at
least one colonizer (Table 3.5) and all plots planted with whole thalli (of either species)
had at least one colonizer. Plots planted with whole P. capitatus (PW treatment) had
significantly more new thalli (225 m-2) than any of the other treatments (HH = 40.6 m-2,
HW = 80 m-2, PH = 55.6 m-2 , unplanted = 62.5 m-2) which were not significantly
different from each other (Figure 3.2A, F4, 41 = 8.98, p < 0.001). One-way ANOVA
followed by a Tukey test, revealed a higher abundance of P. capitatus recruits (47.4% of
P. capitatus recruits) in the PW treatment than in any of the other treatments which were
not different from each other (Figure 3.2A, F4, 41 = 3.70, p = 0.012). At Sunset Beach, the
number of H. incrassata recruits was not significantly different between treatments
(Figure 3.2A, F4, 41 = 1.23, p = 0.312) and was low in all treatments compared with P.
capitatus recruits (Table 3.5). The addition of holdfasts (of any species) to the plots did
not increase the recruitment of new individuals relative to the empty plots at Sunset
Beach in June 2009 (Figure 3.2A). This result was replicated in August 2009 at Crystal
Beach (Figure 3.2B), as there was no difference (F2, 27 = 0.06, p = 0.940) in the total
number of new recruits among PH plots (230 m-2), HH plots (235 m-2), and unplanted
plots (247.5 m-2).
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The total biomass (g DW m-2) and total holdfast volume (ml) of new recruits
differed between experiments, with a larger biomass and holdfast volume accumulating
over the shorter experimental period (22-24 days) at Crystal Beach in August 2009
compared the longer (28-30 days) period at Sunset Beach in June 2009 (Figure 3.3). At
Sunset Beach whole plant treatments were included in the experiment and there was a
significantly higher biomass of new recruits in PW treatment (F4, 41 = 5.27, p = 0.002)
than in any of the other treatments. The higher biomass in the PW treatment was largely
made up of P. capitatus thalli with 58.3% of total P. capitatus biomass occurring in the
PW treatment. The same pattern was seen belowground with holdfast volumes, which
also differed among treatments with a larger volume of holdfasts in the PW treatment
(44.2% of the total for all treatments) compared with the other treatments (F 4, 41 = 4.47, p
= 0.004). Again the larger amount of material in the PW treatment was due to more P.
capitatus recruits, with their holdfasts accounting for 48.3% of the total volume occurring
in that treatment. At Crystal Beach there was no difference in aboveground biomass (F2,
27 =

0.31, p = 0.739).or holdfast volume among treatments at Crystal Beach (F2, 27 = 0.32,

p = 0.730).
Rhizophytic algal species other than H. incrassata and P. capitatus recruited into
the experimental plots during all the experiments. In 2009 at Sunset Beach, Penicillus
lamourouxii Decainse, a common rhizophytic alga at all the field sites, recruited at low
density (Figure 3.2A, Table 3.5) and was the only other species to recruit, despite three
Caulerpa species being common components of the flora at the site. Juvenile Penicillus
plants not identified to species were more abundant in the PW treatment compared with
the other treatments at Sunset in 2009 with 52.3% of the juvenile Penicillus individuals,
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52.5% of their biomass, and 44.2% of their holdfast volume occurring in that
treatment(Figures 3.2A and 3.3). The relatively low recruitment of P. lamourouxii into all
of the treatments at Sunset Beach and the abundant presence of juvenile Penicillus in the
PW treatment concurrent with high P. capitatus recruitment lead us to suspect that the
majority of the Penicillus juveniles were P. capitatus. At Crystal Beach in August 2009,
all plots had some new rhizophytic algal recruits. Udotea flabellum (37.9% of total
recruits) and P. lamourouxii (27.4%) were the two most abundant colonizers at this site
(Table 3.5, Figure 3.2B). Udotea flabellum contributed 37.0% of total biomass and 40.3%
of total holdfast volume, whereas Penicillus lamourouxii contributed 35.8% of total
biomass and 31.8% of total holdfast volume. Halimeda incrassata (17.2%) and P.
capitatus (7.0%) recruits made up a relatively small percentage of total recruitment. The
contributions of P. capitatus both to aboveground biomass (12.9%) and belowground
volume (11.0%) were greater than those of H. incrassata (11.0% and 10.3%,
respectively).
Over the 28-30 days in June of the experiment at Sunset Beach and the 22-24
days of the experiment at Crystal Beach, recruits of P. capitatus were able to reach full
adult height, holdfast volume, and dry weight (Table 3.6). Recruits of H. incrassata did
not reach full adult dry weight (DW) with the mean DW of recruits amounting to ~20%
of the mean DW of plants sampled from the natural population at Sunset Beach (Table
3.6). The maximum DW (0.25 g at Sunset Beach and 0.38 g at Crystal Beach) of any
single H. incrassata recruit from either site was still lower than the mean value from the
natural population. Similarly, the mean height of H. incrassata recruits at both sites was
~50% of the mean from the natural population. The mean volume of a single holdfast was
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54% of the mean from the natural population at Sunset Beach and those at Crystal Beach
were 71% of that natural mean (Table 3.6). Penicillus lamourouxii recruits were taller,
heavier, and had larger holdfasts at Crystal Beach than at Sunset Beach (Table 3.6). At
both sites, mean volume of a single P. lamourouxii holdfast was equivalent or larger than
the mean from the natural population, while mean height was slightly less, and mean DW
only 46.2% at Sunset and 56.4% at Crystal Beach (Table 3.6). On average, Udotea
flabellum recruits were the shortest, but were heavier and had larger holdfasts than H.
incrassata (Table 3.6). One U. flabellum recruit had the largest holdfast (13 ml) in the
study.
In the natural regrowth into cleared plot experiments over 51 days in the summer
of 2008 (Table 3.1), all plots had some vegetation at the time of harvest and the mean
number of rhizophytic algal individuals m-2 was larger than that found over the shorter
experimental periods in 2009 (Tables 3.7-3.9). Penicillus lamourouxii was the most
abundant colonizer at Fred Howard Park and P. capitatus was the most abundant
colonizer at Sunset Beach (Figures 3.4 and 3.5), reflecting the relative abundances of
those two species at those sites. At Fred Howard Park, all species showed the same trend
of a larger mean number of recruits inside the plots where the border BB score for that
species was higher (Figure 3.4). At Sunset Beach most (19 of 20) plots developed
depressions (3-8 cm deep) in the center (possibly created by foraging animals). This
likely had a negative impact on the density of new Penicillus spp. and H. incrassata
recruits and recruitment of each of these species did not show a positive relationship to
the border BB score recorded for that species (Figure 3.5). Caulerpa cupressoides
showed a clear pattern of increased mean stolon length inside the plots with larger border
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BB scores (Figure 3.6). There was significantly more C. cupressoides recruitment in plots
with a border BB score of 3 compared with those plots with a border BB score of 1 or 2
(Figure 3.6, F 2, 17 = 12.0, p = 0.001). In some cases C. cupressoides growth was very
dense; one plot had over 4 m of stolon.

Discussion:
While the roles of belowground rhizoidal runners and holdfasts in vegetative
propagation and regeneration of rhizophytic algae in tropical and subtropical soft-bottom
habitats have received little attention, results from my field experiments suggest that
these belowground structures play a key role in recolonization and recovery after
disturbance. My findings demonstrate that for all of the rhizophytic algal species tested
(P. capitatus, H. incrassata, and U. conglutinata) regeneration from holdfasts provides a
mechanism that increases the probability of an individual ramet’s survival after severe
grazing or other disturbance that removes the aboveground portion of the thallus. The
occupation of bare patches by rapidly-forming holdfasts and attached aboveground
structure of rhizophytic algae may not only be of critical importance in early successional
stages of subtidal vegetation in sandy areas (Williams 1990), but may also contribute to
the persistence of rhizophytic algae in mixed seagrass-algal assemblages.
Compared with the root/rhizome systems of other plants, a rhizophytic algae
invest relatively little biomass per volume in their anchors (Chapter 2). Their holdfasts
are comprised largely of sediment, a small amount of thallus material in the form of
uncalcified rhizoids, and biological glue excreted by rhizoids to bind sediments (Multer
82

and Votava 1992, Anderson et al. 2006, Fagerberg et al. 2012). However, the coenocytic
construction of rhizophytic algae may allow for a dynamic relationship between
aboveground and belowground resources as well as between individual ramets connected
by rhizoidal runners. Regeneration of new aboveground material from holdfasts, while
commonly observed in all species and experiments, occurred with variable frequency at
different sites and experiment times (Table 3.2). The differences in frequency of
regeneration between experiments might be explained by a seasonal difference in the
holdfasts themselves that affects ability to regenerate, the influence of water temperature
on growth in these tropical algae (Wefer 1980), or merely better growing conditions at
the Crystal Beach site. Somewhat similarly, Ceccherelli and Cinelli (1999) found a
seasonal difference in establishment of C. taxifolia fragments. Seasonal changes in
holdfast size and accumulation of non-structural carbohydrate reserves over the growing
season have not been examined in rhizophytic algae. It is likely that larger holdfasts
contain a greater amount of organic material, some portion of which could be available as
a resource to the regenerating plant in a manner similar to larger carbohydrate stores in
vascular plants correlating with increased regrowth (Landhausser and Lieffers 1997). My
experiments support this suggestion, as I found a significant positive correlation of
holdfast volume and amount (g DW) of regenerated material for both H. incrassata and
P. capitatus (Table 3.4). This correlation was stronger for H. incrassata than P. capitatus
which aligns with the previous finding of a higher percentage organic material by weight
in H. incrassata holdfasts than those of P. capitatus (Chapter 2). The stipe stub/basal
segment material left on top of the holdfasts was also significantly correlated to amount
of new aboveground material (g DW) in both H. incrassata and P. capitatus (Table 3.4).
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Little above ground material (g DW) regenerated over the 14-30 days of the experiments,
but what did regenerate appeared to be healthy and actively growing.
Results of my field experiments at three sites provide new quantitative
information on rates of recolonization of cleared area by new ramets of rhizophytic algal
species. The overall rates of recolonization and species composition of recruits varied
between experiments and sites, ranging from (mean ± SD) 92.9 ± 94.1 at Sunset Beach
over 30 days in June to 893.8 ± 253.1 at Fred Howard Park over 51 days in June-August
2008 (Table 3.7). Despite the differences in recruitment between sites and experiment
dates, the rates of recolonization seen in my experiments at these subtropical sites greatly
exceed that of Williams (1990) who measured rhizophytic algal recruitment into cleared
plots at a tropical site in St. Croix characterized by carbonate sediments. Williams (1990)
reported 1.2 ± 4 thalli m-2 month-1 recruited into plots in which rhizophytic algae were
removed periodically (with a minimum of 2 months between removals over the 36 month
period). My results demonstrate that in less than 1 month rhizophytic algal recruits can
form a relatively dense patch (e.g. 237.5 ± 126.4 thalli m-2 at Crystal Beach within 21
days). Moreover, during this experiment new plants recruited into the borders of the plots
in less than one week.
Little work has been done examining algal recruitment in mixed rhizophytic algal
beds and my data on the species composition of recruiting rhizophytic algae is some of
the first. In general, the species composition of recruits into plots reflected the species
composition of the surrounding landscape at each site. Overall, species of Penicillus and
Udotea had the largest numbers of recruits in all experiments while H. incrassata never
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ranked above third in number of recruits at any of the sites (Table 3.7). Williams (1990)
reported H. incrassata followed by P. capitatus to be the dominant recruits (as indicated
by the mean percentage of total recruitment made up by a species averaged over all
sampling dates) into cleared plots in a 52 month experiment in a St. Croix seagrass bed.
My data indicate that the species composition of initial recruits varies between sites and
is similar to that of the surrounding algal bed, suggesting conclusions about which
species are the “best colonizers” may not broadly apply.
The addition of whole P. capitatus plants greatly increased recruitment of that
species in the plots to which it was added, but I did not see a significant increase in
recruitment with the addition of whole H. incrassata over the baseline level of
recruitment into cleared control plots that remained unplanted (Figure 3.2A). Halimeda
incrassata is known to reproduce by rhizoidal runners in aquaria (Hillis-Colinvaux 1972,
Drew and Abel 1988), so the result of the addition of whole thalli of this species not
enhancing its recruitment in the plots was surprising. Halimeda incrassata did recruit at
low density into plots of all treatments (Figure 3.2A), thus eliminating the hypothesis that
the length of the experimental period was too short for new thalli of this species to form.
Possibly, the time period was not long enough for the H. incrassata thalli to recover from
transplantation and produce new ramets via rhizoidal runners. However, Davis and
Fourqurean (2001) noted transplanted individuals of H. incrassata had a growth rate no
different from un-manipulated plants one week after transplantation. The result that the
addition of holdfasts of either species also did not enhance recruitment over the levels
seen in unplanted plots (Figure 3.2A) may indicate that regenerating holdfasts likely did
not contain sufficient resources to both regenerate and produce new ramets.
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One of the more unexpected findings for my studies was that recruitment of new
thalli was present even in cleared plots that received no transplants of any kind and had
their borders weeded of any recruits (Figure 3.2). No thalli in sexually reproductive
condition were observed and any stray fragments that landed in the plots were removed,
yet over the less than one month study duration substantial (means of 9-90 thalli m-2)
densities of H. incrassata, P. spp. and U. flabellum recruited into the plots. Two, not
mutually exclusive, pathways of recolonization are proposed: 1) belowground rhizoidal
runners grew from the edges through the border area undetected and were able to create
new ramets inside the plots and/or 2) rhizoidal extensions from holdfasts were broken off
when plots were cleared and these remained in the plots generating new ramets despite
their being detached from the parent ramets. Interestingly, new recruits were found
throughout plots, not aggregated at the edges of experimental plots. Therefore, if
colonization occurred from the side some of these runners were able to extend ~ 30 cm to
reach the centers of the plots. The possibility of fine rhizoidal extensions in the sediments
that went undetected and thus evaded removal in the plots generating new thalli is
supported by experiments that demonstrate Bryopsis, a bryosidalean alga that attaches to
hard substrate, is able to generate new thalli from protoplast alone in laboratory studies
further illustrating the amazing capacity of coenocytic algae to regenerate from very little
material (Kim et al. 2001). The possibility that severed rhizoids could generate new
ramets might explain the finding that algal-removal plots in Williams’ (1990) experiment
had higher densities of rhizophytic algal uprights than undisturbed plots. Unfortunately
details on the species composition of these recruits were not provided and it is not known
whether the removal itself, or some correlated factor, increased recruitment.
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While all of my manipulations were done with calcified bryopsidalean species
that produce a single large rhizoidal holdfast, three species of Caulerpa were present in
the areas of my experiments. Caulerpa did not recruit into experimental plots in summer
2009 when borders were maintained, but when the area surrounding denuded plots was
not altered in the summer 2008 experiments Caulerpa spp. recruited into the plots (Table
3.7). These contrasting results indicate that the mode of colonization by Caulerpa spp.
was extension of aboveground stolons, as has been described by other researchers
(Stafford and Bell 2006, Wright and Davis 2006). This aboveground pathway of
colonization contrasts with that displayed by Penicillus, Halimeda, and Udotea which
generated new ramets from belowground using one of the two pathways described above.
My study provides the first reports of how quickly holdfasts are formed and the
amount of sediment bound per area over time (Figure 3.3). The ramets of the species in
my study showed different patterns/rates of maturation. Penicillus capitatus appears to
have grown the most quickly; the mean holdfast volume, height, and dry weight of its
new ramets in the experimental plots over 24 days at Crystal Beach and 30 days at Sunset
Beach equaling or exceeding the mean values for P. capitatus sampled from the natural
population at Sunset Beach in June 2007 (Table 3.6). Moreover, my data indicate that P.
capitatus survives transplantation well and produces large numbers of new ramets
vegetatively, together which suggest that transplanting it into areas it previously occupied
and in which re-vegetation/restoration is desired, might be successful. Udotea flabellum
and P. lamourouxii also recruited well and formed large holdfasts over the experimental
period (Table 3.6), further demonstrating the contributions to sediment stabilization made
by new thalli within but a few weeks. Halimeda incrassata ramets appeared to mature
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more slowly than those of Penicillus (Table 3.6) which coincides with previous findings
of a ~ 2 y lifespan of H. incrassata ramets compared with ~ 2 mo. for Penicillus (Wefer
1980, van Tussenbroek and Barba Santos 2011). Interestingly, the mean holdfast volume
of P. capitatus recruits was larger than that of plants sampled from the natural population
at the same site at the same time of year (Figure 3.7). This phenomenon suggests two
possibilities: 1) more sediment/space was available to holdfasts in cleared experiment
plots allowing production of larger anchors and/or 2) holdfasts may decrease in size as
plants senesce/reproduce vegetatively; thus in the short duration of my experiment, thalli
were harvested before shrinkage related to either senescence or vegetative reproduction
occurred. To my knowledge, changes in the volume and energy content of Penicillus
holdfasts over the lifespan of a ramet have not been examined. Detailed investigations
into the dynamics of rhizophytic algal holdfasts should provide insight into what factors
influence holdfast volume.
Physiological integration of bryopsidalean rhizophytic algal ramets via
underground rhizoidal runners could aid colonization of nutrient-poor unvegetated
patches with high light in oligotrophic waters in a manner similar to that of ramets of a
salt marsh plant distributed over a resource gradient (Shumway 1995). Daughter ramets
of coenocytic rhizophytic algae could obtain cytoplasmic contents (cholorplasts,
nutrients, etc.) from parent ramets and send back photosynthetic products. Physiological
integration of ramets has been observed in seagrass species, including Thalassia
testudinum, allowing shaded Thalassia ramets to be supported by connected older ramets
(Tomasko and Dawes 1989). Some evidence confirms translocation in rhizophytic algae
as well, Littler and Littler (1999) showed quick (3 days) protoplasmic translocation from
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older fouled upright blades to new blades (ramets) in the bryopsidalean alga Avrainvillea
longicaulis, Experimental tests are needed to examine this phenomenon in Halimeda,
Penicillus, and Udotea, as this mechanism might explain the quick recruitment of new
ramets. Physiological integration of Penicillus ramets is further supported by my
observations of senescent-looking (faded green or disintegrating) thalli connected to
healthy younger thalli in samples I processed in the laboratory.
The rhizophytic algal species included in this study have co-existed in my study
area at Sunset Beach with T. testudinum since at least the mid-1960s (C. Dawes personal
communication). The co-existence of rhizophytic algae and seagrasses over the time scale
of decades was previously reported by Williams (1990). Recent molecular studies of
clonal vascular plants (saw palmetto and the seagrass, Posidonia oceanica) indicate
extremely long life spans and that a single genet of P. oceanica can cover a large (up to
15 km) geographical area (Takahashi et al. 2011, Arnaud-Haond et al. 2012). The
lifespan of rhizophytic algal genets remains unexplored, but extensive vegetative
propagation (by fragmentation, rhizoidal runners, and stolons) and persistence in the
same areas over decades, or longer, allude to the possibility that these algae may also be
extremely long-lived (Collado-Vides 2002) and that the areal extent of genets could be
large.

Summary
At three sites on the central west coast of Florida, recruitment by rhizophytic
algae into created cleared areas happened rapidly (< 1 month) and was dominated by
species of Penicillus and Udotea flabellum. Based on my results and observations, I
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hypothesize vegetative recruitment by rhizophytic algal species (other than Caulerpa
spp.) occurs through one of two mechanisms involving rhizoids: 1) colonization from the
sides of cleared patches by belowground rhizoidal runners or 2) regeneration of new
whole thalli from loose rhizoids left in the sediments. In three weeks, rhizophytic algae
were able to recruit, grow to their full height, and bind enough sediment to create fullsized holdfasts. Additional field experiments described here show thalli of all of the
rhizophytic algal species tested (three species in three genera) were able to regenerate
from holdfasts (with small stubs of stipe attached) in a matter of weeks. Overall, my
results suggest that belowground structures play a key role in recolonization by, and
recovery of, rhizophytic algae after disturbance and are likely important to the long-term
persistence of these algal populations.
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Table 3.1: Summary of experiments including dates, locations, and essential features. Species manipulated in each experiment are
listed. Pc = Penicillus capitatus, Hi = Halimeda incrassata, and Uc = Udotea conglutinata. Treatments are signified with the first
letter of the genus and followed by a letter that reflects the state of thalli (H = holdfast or W = whole). The range of dates at the start of
both experiments in 2009 indicates that set up of each took multiple days.
Experiment
Regeneration from holdfasts
(monocultures)
Natural recolonization
Regeneration/recolonization
(monocultures)
Regeneration/recolonization
(monocultures)
Change in holdfast size comparison
(mixed)

Species Treatment(s)
PH
Pc
Hi
HH
Uc
UH
none
empty
none
empty
Hi, Pc empty, HW,
HH, PW, PH
Hi, Pc
empty,
HH, PH
Hi, Pc
HW, HH,
PW, PH

# Plots

# Thalli/plot

10
10
10
20
8
50

10
10
5
n/a
n/a
10

30

10

Crystal Beach

5

12

Crystal Beach

Location
Sunset Beach

Dates
29 May - June 16, 2008
30 May - June 16, 2008
Fred Howard Park
2 -16 June, 2008
Sunset Beach
16 June - 6 August, 2008
Fred Howard Park 16 June - 6 August, 2008
Sunset Beach
2 - 4 June - 2 July, 2009
11-13 August 4 September, 2009
12 August 4 September, 2010
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Table 3.2: Results of regeneration experiments showing the duration (days) each experiment ran, the number of holdfasts originally
planted, the number recovered from undisturbed plots, the percentage of undisturbed holdfasts that regenerated new aboveground
material, the mean (± SE) dry weight of new aboveground thallus material generated per holdfast, and the mean (± SE) height of the
new material (top edge of the manipulated stipe stub to the uppermost part) for each species. Species: Pc = Penicillus capitatus, Hi =
Halimeda incrassata, and Uc = Udotea conglutinata. n/a = heights were not recorded

Dates
June 2008

Location
Sunset Beach

Days
18
17
Fred Howard Park
14
June 2009
Sunset Beach
28 -30
28 -30
August 2009 Crystal Beach
22 - 24
22 - 24
August 2010 Crystal Beach
23
23

DW new (g) Height new
#
#
%
-1
(cm)
Species Planted Recovered Regenerated holdfast
76
0.016 ± 0.002
Hi
100
87
n/a
Pc
100
96
73
0.008 ± 0.001
n/a
Uc
50
23
35
0.013 ± 0.004
n/a
Hi
100
61
84
0.020 ± 0.002
n/a
Pc
100
76
76
0.024 ± 0.008
n/a
Hi
100
95
94
0.030 ± 0.002 4.65 ± 0.26
Pc
100
86
98
0.020 ± 0.001 1.68 ± 0.06
Hi
15
14
93
0.012 ± 0.003 3.77 ± 0.46
Pc
15
14
100
0.011 ± 0.002 1.27 ± 0.16
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Table 3.3: Percent change and holdfast volume (mean ± SE) of tagged individuals from
the start to the conclusion of the experiments/handling control by species and thallus
manipulation
Experiment
August 2009
August 2010

Handling control

Species
H. incrassata
P. capitatus
H. incrassata
H. incrassata
P. capitatus
P. capitatus
H. incrassata
H. incrassata
P. capitatus
P. capitatus

Manipulation Start (ml)
holdfast
4.8 ± 0.2
holdfast
3.4 ± 0.2
holdfast
3.9 ± 0.2
whole
4.4 ± 0.4
holdfast
2.9 ± 0.3
whole
3.4 ± 0.3
holdfast
5.1 ± 0.8
whole
5.0 ± 1.3
holdfast
3.2 ± 0.5
whole
3.2 ± 0.2

End (ml)
3.0 ± 0.1
1.4 ± 0.1
2.1 ± 0.2
3.6 ± 0.4
1.7 ± 0.2
2.2 ± 0.3
3.8 ± 0.6
3.8 ± 0.9
2.4 ± 0.4
2.2 ± 0.2

% Change
-35.7 ± 1.9
-53.5 ± 2.4
-42.5 ± 4.0
-16.7 ± 5.5
-38.5 ± 4.4
-35.5 ± 6.6
-24.6 ± 5.0
-24.1 ± 2.4
-23.1 ± 5.6
-32.3 ± 2.1
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Table 3.4: Pearson correlation coefficients (r) and p values from holdfast regeneration
experiment on H. incrassata and P. capitatus at Crystal Beach in August 2009. Percent
loss = percentage of initial holdfast volume lost over the experimental period, DW = dry
weight (g) of aboveground thallus material, height = the height of new material (cm), new
= regenerated material, old = stub of stipe/basal segments
Correlation
Percent loss vs DW new
DW old vs DW new
Intital volume vs DW new
Initial volume vs height
Initial volume vs DW old

Halimeda incrassata
r
p
0.088
0.417
0.526
< 0.001
0.525
< 0.001
0.460
< 0.001
0.550
< 0.001

Penicillus capitatus
r
p
0.004
0.971
0.263
0.017
0.253
0.022
0.371
0.001
0.190
0.086

99

Table 3.5: The number of individual rhizophytic algal colonizers and the number of plots
colonized by species in the summer 2009 regeneration/recolonization experiments. Four
plots of the original 50 plots at Sunset Beach were removed from the experiment due to
apparent disturbance. Penicillus ? = juvenile Penicillus individuals that could not be
identified to species. “-“ = species not present at the site
Species
Halimeda incrassata (J. Ellis) J.V. Lamouroux
Penicillus? *
Penicillus capitatus Lamarck
Penicillus lamourouxii Decainse
Udotea flabellum (J. Ellis & Solander) M. Howe
Total # of individuals
Total # of plots w/colonizers
Total # of plots in experiment

Sunset Beach '09
individuals
plots
16
14
65
25
83
26
7
5
171
40
46

Crystal Beach '09
plots
individuals
49
19
30
14
20
12
78
20
108
21
285
30
30
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Table 3.6: Mean (± SE) holdfast volume, height, and aboveground dry weight of
individual thalli for each species of colonizer from the experiments at Sunset Beach (2830 days) and Crystal Beach (22-24 days) in summer 2009 compared with mean values
from the natural population in the same area at Sunset Beach sampled on 29 June 2007
(see Chapter 2, Table 2.5). “-“ = species was absent

Species
Halimeda incrassata
Penicillus capitatus
Penicillus lamourouxii
Udotea flabellum
Halimeda incrassata
Penicillus capitatus
Penicillus lamourouxii
Udotea flabellum
Halimeda incrassata
Penicillus capitatus
Penicillus lamourouxii
Udotea flabellum

Sunset Beach
Crystal Beach
2007*
2009
2009
Holdfast volume (ml)
2.4 ± 0.2
1.3 ± 0.2
1.7 ± 0.2
2.0 ± 0.1
3.4 ± 0.3
4.4 ± 0.7
2.1 ± 0.2
2.0 ± 0.4
3.3 ± 0.2
3.0 ± 0.2
Height (cm)
11.8 ± 0.5
5.81 ± 0.76
6.20 ± 0.42
8.2 ± 0.2
7.85 ± 0.22
7.93 ± 0.41
9.8 ± 0.3
6.96 ± 0.77
8.17 ± 0.19
4.02 ± 0.16
Dry weight (g)
0.473 ± 0.041 0.097 ± 0.017 0.095 ± 0.012
0.265 ± 0.021 0.280 ± 0.023 0.272 ± 0.042
0.344 ± 0.045 0.159 ± 0.034 0.194 ± 0.016
0.145 ± 0.012

101

Table 3.7: Number (mean ± SE) of new rhizophytic algal thalli m-2 that recruited into cleared plots over 51 days (June – August 2008)
at both sites in the natural recolonization experiment and in the regeneration/recolonization experiments in June 2009 at Sunset Beach
(28-30 days) and in August at Crystal Beach (22-24 days). * means for Caulerpa spp. = stolon length (cm stolon m-2) and are not
included in total number of individuals for each site. Zeroes represent species that were present at the site, but did not colonize
experimental plots and “-“ indicates that species was absent from the immediate sampling area. Penicillus ? = juvenile Penicillus
individuals that could not be identified to species

Species
Caulerpa ashmeadii Harvey
Caulerpa cupressoides(Vahl) C. Agardh
Caulerpa prolifera (Forsskål) J.V. Lamouroux
Halimeda incrassata (J. Ellis) J.V. Lamouroux
Penicillus capitatus Lamarck
Penicillus lamourouxii Decainse
Penicillus?
Udotea conglutinata (J. Ellis & Solander) J.V. Lamouroux
Udotea flabellum (J. Ellis & Solander) M. Howe
Total # of individuals

Fred Howard
Park '08
0.0 ± 0.0*
32.8 ± 32.8*
25.0 ± 11.6
31.3 ± 21.0
643.8 ± 74.5
150.0 ± 29.5
43.8 ± 16.9
893.8 ± 89.5

Sunset Beach '08
0.0 ± 0.0*
3257 ± 535*
0.0 ± 0.0*
16.3 ± 5.2
232.5 ± 27.0
43.8 ± 14.9
20.0 ± 8.81
312.5 ± 29.3

Sunset Beach '09
0.0 ± 0.0*
0.0 ± 0.0*
0.0 ± 0.0*
8.7 ± 2.1
45.1 ± 10.1
3.8 ± 1.73
35.3 ± 7.3
92.9 ± 13.9

Crystal Beach
'09
0.0 ± 0.0*
0.0 ± 0.0*
40.8 ± 9.0
16.7 ± 5.0
65.0 ± 12.1
25.0 ± 7.0
90.0 ± 18.0
237.5 ± 23.1
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Table 3.8: Braun-Blanquet scores of each species found in plot borders at Fred Howard
Park and the number of individuals that recruited into the plots over 51 days. Abundances
for Caulerpa spp. are given in length of stolon (cm) present in the plot.
Plot
U1
U2
U4
U5
U6
U8
U9
U10

U1
U2
U4
U5
U6
U8
U9
U10

C. p.
C. a.
1
1
1
0
0
0
0
0
0
0
1
0
1
0
0
0
Stolon (cm)
C. p.
C. a.
0
0
0
0
0
0
0
0
0
0
10.5
0
0
0
0
0

Braun-Blanquet score
P. c.
P. l.
H. i.
U. c.
0
3
1
0
1
3
1
0
0
3
1
2
0
3
1
2
0
2
2
2
0
2
2
2
0
3
1
1
1
3
2
2
Number of individuals
P. c.
P. l.
H. i.
U. c.
0
30
0
0
6
42
1
0
4
18
1
0
0
29
0
2
0
24
0
5
0
28
1
1
0
17
1
2
0
18
4
4

P. ?
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
P. ?
8
6
4
4
6
13
2
5
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Table 3.9: Braun-Blanquet scores of each species found in plot borders at Sunset Beach
and the number of individuals that recruited into the plots over 51 days. Abundances for
Caulerpa spp. are given in length of stolon (cm) present in the plot.
Plot
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10

Braun-Blanquet score
C. c.
C. a.
P. c.
P. l.
H. i.
2
0
3
0
1
2
0
3
0
1
2
0
2
0
1
1
0
3
0
2
2
0
2
0
1
2
0
3
1
2
2
0
1
2
1
2
1
3
0
1
1
0
2
2
2
2
0
3
0
1
3
0
2
0
2
2
0
2
2
1
2
0
2
0
2
1
0
3
2
2
2
0
2
1
1
2
0
2
0
2
2
0
3
0
1
3
0
2
0
1
2
0
1
3
1
3
0
2
0
1
Stolon (cm)
Number of individuals
C. c.
C. a.
P. c.
P. l.
H. i.
52.7
0
17
0
0
242.5
0
4
0
0
93
0
5
0
0
50.5
0
9
0
0
70.8
0
15
1
0
152.5
0
17
2
0
151.3
0
12
0
1
114.5
0
2
8
0
44
0
11
8
2
125.3
0
7
2
1
408.9
0
10
0
1
38.7
0
8
6
3
181
0
16
0
2
0
0
5
2
2
60.8
0
9
0
0
145.7
0
13
0
0
176.3
0
10
2
1
234.8
0
11
0
0
55.4
0
3
4
0
207.1
0
2
0
0

P. ?
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
P. ?
0
1
1
0
0
2
0
6
0
1
0
1
0
4
0
0
0
0
0
0
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cap

stipe

holdfast

Figure 3.1: Vegetative reproduction in the rhizophytic alga, Penicillus capitatus. Mature
adult ramet (right), a fully developed younger ramet (middle), and a juvenile ramet (left)
are connected by belowground rhizoidal runners. Parts of the thallus are labeled. Straight
horizontal line represents the level of the sediment surface.
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Mean (± SE) # of new recruits

A

6
5
H. incrassata

4

P. capitatus

3

P. lamourouxii

P. ?

2
1
0
E

Mean (± SE) # of new recruits

B

HW

HH

PW
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6
5
4

H. incrassata
P. capitatus

3

P. lamourouxii
P. ?

2

U. flabellum
1
0
E

HH

PH

Figure 3.2: Mean density of new aboveground thalli of each species that recruited into a
single plot (0.04 m-2) of each treatment during A) over the 28-30 days of the June 2009
experiment at Sunset Beach and B) over the 22-24 days of the August 2009 experiment at
Crystal Beach. Treatments are represented by E = empty, HW = whole Halimeda
incrassata, HH = H. incrassata holdfast, PW = whole Penicillus capitatus, and PH = P.
capitatus holdfast. P. ? = juvenile Penicillus individuals that could not be identified to
species. U. flabellum = Udotea flabellum
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Figure 3.3: Mean (± SE) dry weight (g) of new aboveground thalli and holdfast volume
(ml) that recruited into experimental plots during the 28-30 days of the June 2009
experiment at Sunset Beach and the 22-24 days of the August 2009 experiment at Crystal
Beach. Treatments are: E = empty, HW = whole Halimeda incrassata, HH = H.
incrassata holdfast, PW = whole Penicillus capitatus, and PH = P. capitatus holdfast.
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Figure 3.4: Mean (± SD) density of new recruits per plot (0.04 m2) of each rhizophytic
algal species given Braun-Blanquet (BB) score for that species in borders around plots in
51 day natural recolonization experiment at Fred Howard Park 2008. n = number of plots
with that BB score for that species in the border. Hi = Halimeda incrassata, Pc =
Penicillus capitatus, Pl = Penicillus lamourouxii, Uc = Udotea conglutinata
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Figure 3.5: Mean density of new recruits per plot (0.04 m2) of each species (noted on the
x-axis) into those plots with the border Braun-Blanquet score for that species (also given
on the x-axis). Recolonization of empty plots occurred over 51 days at Sunset Beach in
2008. n = number of plots with that BB score for that particular species in the border. Hi
= Halimeda incrassata, Pc = Penicillus capitatus, Pl = Penicillus lamourouxii
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BB score for Caulerpa cupressoides in border
Figure 3.6: Mean length of Caulerpa cupressoides stolon inside a plot (0.04 m2) at Sunset
Beach in 51 day natural recolonization experiment. n = number of plots with that BraunBlanquet (BB) score for C. cupressoides in the border.

110

Percent of 2009 P. capitatus recruits

20

15

10

5

0

0

50

100 150 200 250 300 350 400 450
Percent of June 2007 mean holdfast volume

500

550

Figure 3.7: The holdfast volumes of Penicillus capitatus recruits in the June 2009
regeneration/ recolonization experiment at Sunset Beach are shown as a percentage of the
mean holdfast volume from samples of the natural P. capitatus population in the same
area of Sunset Beach in a 2007 survey (as reported in Chapter 2, Table 2.5).
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CHAPTER FOUR
SECONDARY METABOLITES ARE NOT USED BY RHIZOPHYTIC GREEN ALGAE (ORDER
BRYOPSIDALES) TO INHIBIT SURFACE FOULING

Introduction:
Biofouling is ubiquitous in marine environments. The control of epibionts is
essential for aquatic plants because fouling lowers net photosynthetic production and
increases drag, which can result in dislodgement and death (Wahl 1989; Littler and Littler
1999). Secondary metabolites are used as a defense against herbivory in a diversity of
algae and many of these compounds have bioactivity against fouling organisms in
laboratory tests (Paul and Fenical 1985; Walters et al. 2003; Fusetani 2004; Paul et al.
2006a; Nylund et al. 2007) and, therefore, are suspected to play a widespread antifouling
role in situ (Paul and Fenical 1986; Schmitt et al. 1995; Hay 1996).
Green seaweeds of the order Bryopsidales (= Caulerpales) are large, abundant,
primary producers in tropical and subtropical soft-bottom communities such as seagrass
beds (Dawes 1998). These siphonous green algae produce toxic secondary metabolites
(bioactive terpenoids), which deter herbivory, have antimicrobial/anti-fungal action, and
are toxic to invertebrate eggs and larvae (Paul and Fenical 1986, 1987; Puglisi et al.
2004). Terpenoids are important antifoulants (Fusetani 2004) and occur in high
112

concentrations inside the cells of these algae (Paul and Fenical 1986). The chemistry of
bryopsidalean algae, along with their frequently epiphyte-free surfaces make these algae
good candidates for studies on the role of chemical defenses against fouling (Steinberg
and de Nys 2002).
Only secondary metabolites present on the surfaces of seaweed thalli would be
effective in mediating interactions with would-be foulers and studies attempting to
examine the chemistry of algal surfaces are few (Steinberg et al. 2001). Removing
secondary compounds from surfaces without damaging cells and incidentally extracting
metabolites within requires presents some methodological difficulties. A dipping method
developed in the last ten years (de Nys et al. 1998; Nylund et al. 2007) has resulted in the
identification of a few algal species that use secondary metabolites released onto their
surfaces to deter fouling (Nylund et al. 2005; Dworjanyn et al. 2006). In these cases,
release of defensive secondary metabolites onto surfaces was accompanied by specific
morphology. For example, two species of red algae, Delisea pulchra and Asparagopsis
armata, release secondary metabolites onto their surfaces from specialized gland cells
(Dworjanyn et al. 1999; Paul et al. 2006b). However, the coenocytic moprhology of
bryopsidalean algae rules out the use of a specialized gland cell and would require a
unique mechanism for the secretion of secondary compounds onto the thallus surface.
The goal of my study was to test for the presence of non-polar secondary
metabolites on the surface of bryopsidalean algal species abundant in the seagrass beds of
Florida, and examine the ultrastructure of thallus surfaces for pores in the cell wall that
could be used in the deployment of surface chemicals. Although non-polar secondary
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metabolites were present in the algae, the absence of them on surfaces and the lack of
pores, suggest the bryopsidalean algae of seagrass beds in Florida do not use their nonpolar secondary metabolites as an anti-fouling defense.

Methods:
Collection and Handling of Seaweeds
Whole live seaweeds (Caulerpa prolifera, C. sertularioides, Udotea conglutinata,
and Penicillus capitatus) were collected while snorkeling by gently pulling them from the
sediment at multiple shallow (0.5-1.5 m) seagrass bed sites (Table 4.1) in Florida and
were placed in mesh bags. Plants were transported back to the laboratory in 20-liter
plastic buckets filled with natural seawater from the collection site. Once at the
laboratory, seaweeds were maintained as single species cultures in white 20-liter buckets
of aerated fresh seawater with fluorescent room lighting overhead and natural light from
a window.
Surface Extractions
The dipping technique (de Nys et al. 1998; Nylund et al. 2007) was used to
determine the presence or absence of non-polar secondary metabolites on the surfaces of
these byopsidalean algae. Surface extractions were conducted with four different solvents
using the same basic method as follows: Seaweeds were dried by 20 revolutions in salad
spinner and then dipped in solvent for 30 s (de Nys et al. 1998). Caulerpa was completely
submerged in 300 ml of solvent and removed using metal forceps at the end of the 30 s
dip. Individual P. capitatus and U. conglutinata plants were held upside down and

114

gripped with forceps so the caps/blades and stipes could be completely submerged in the
solvent, while the rhizoidal mass and associated sediment was not allowed to contact the
solvent. The solvent was manually vortexed during the 30 s dips to provide mixing.
Initially, the solvent used was 100% hexane and 4:1 hexane:ethyl acetate (EtOAc)
which allowed comparison of a more polar solvent to pure hexane. Later, 4% HPLC
grade dichloromethane (DCM) in hexane and 100% DCM were used as solvents (Table
4.1). The change in solvents was incorporated because dipping in 5% DCM in hexane did
not damage specimens of Caulerpa filiformis, but yielded more efficient extractions due
to the increased polarity of the solvent (Nylund et al. 2007). And even though surface
extraction in 100% DCM may damage cells, this solvent has been proposed as a good
initial screen for surface metabolites because it offers the efficiency of a more polar
solvent and can also be used for whole plant extractions (Nylund et al. 2007).
To concentrate potential surface metabolites, a single beaker of each solvent
treatment was used for all the individuals (n = 15-30) of a species undergoing that
particular treatment that day. The solvent was evaporated using rotary evaporation and
the residue re-dissolved in a small amount of the appropriate solvent and transferred to
scintillation vials and dried completely using a vacuum concentrator. Surface extracts
were stored at - 20°C prior to analysis.
Whole Plant Extractions
To test for the presence of internal secondary metabolites, three (3 h) non-polar
solvent extractions of the whole plants were completed after dipping. The solvents 1:1
EtOAc: MeOH (ethyl acetate:methanol) and 100% DCM were used (Table 4.1). Algae
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were either ground in a blender with the extraction solvent or placed whole into the
extraction solvent and cut finely with a scalpel. The homogenate of each extraction was
filtered on Whatman (No. 1) paper to remove solid material. The bulk of solvent was
removed by rotary evaporation and the remaining extract was transferred to scintillation
vials and dried completely using a vacuum concentrator. Whole plant extracts were
stored at - 20°C prior to analysis.
Analysis of Extracts
GC-MS (Shimadzu QP5000) analysis of surface and whole plant extracts was
carried out. The surface samples were suspended in <1 ml 3:1 hexane:EtOAc and filtered
with a Whatman (pore size 45µm) syringe filter. Whole plant extracts were dissolved in
1:1 hexane:EtOAc and filtered through silica and suspended in 3:1 hexane:EtOAc at the
concentration of 1 mg/ml and filtered through a syringe filter. The GC peaks and mass
spectra of surface and whole plant extracts were compared for the presence similar
metabolite compounds and, in the case of caulerpenyne, compared to a known standard.
1

HNMR spectra (generated on a 400 MHz JEOL Oxford NMR spectrometer) of surface

and whole plant extracts were also compared.
Surface Morphology
Scanning electron microscopy (SEM) was used to examine the ultrastructure of
the thallus surface for possible morphology that could be linked to the excretion of
secondary metabolites. Three replicate plants of each species were collected at the same
sites as above, were cut into triplicate 1 cm pieces of blade edges, blade center, and stipe
and fixed in 2% glutaraldehyde in 0.17 M sodium cacodylate buffer (pH 7.2). Samples of
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U. conglutinata and P. capitatus were examined in their natural calcified state and after
being decalcified with drops of HCl (10%) and/or EDTA (5%) solutions added to the
buffer to remove the calcium carbonate sheath which obstructed the view of the cell wall.
Samples were then dehydrated, critical point dried, and sputtered coated with goldpalladium before examination with SEM (Hitachi HHS-2R or JEOL JSM-35). Replicate
samples of each species were examined and photographed at 400, 850, and 2000X
magnifications.

Results:
Secondary metabolites were successfully identified in whole plant extracts from
all species tested, but those compounds were not present in the surface extracts regardless
of the solvent used (Table 4.1). Both GCMS and 1HNMR analysis revealed the presence
of non-polar secondary metabolites in whole plant extracts while they were never
detected in any of the surface extractions. Whole tissue extractions of U. conglutinata
and P. capitatus yielded 1HNMR spectra and GCMS peaks consistent with
dihydroriphocephalin. The whole plant extracts of C. sertularioides and C. prolifera
contained caulerpenyne from all collections. The presence of caulerpenyne was verified
by comparison of the MS results from my whole tissue extracts against those of a
caulerpenyne standard.
Morphological features for the excretion of defensive metabolites onto the surface
of the thallus appear to be lacking at all of the magnifications examined, as scanning
electron micrographs of C. prolifera, decalcified U. conglutinata, and decalcified P.
capitatus revealed cell wall surfaces without pores (Figures 4.1-4.3). Some fouling was
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detected with the SEM, particularly on some of the calcified P. capitatus siphons (Figure
4.4).

Discussion:
The absence of non-polar secondary metabolites in surface extracts of C.
prolifera, U. conglutinata, and P. capitatus, along with the absence of pores on the cell
wall surfaces of these algae suggest that secondary metabolites such as caulerpenyne and
dihydrorhiphocephalin are not secreted onto the surfaces of these algae as a defense
against fouling. The relatively rapid degradation of these compounds in seawater (Paul
1985; Amade and Lemee 1998) aligns with my results, because terpenoids are among the
most energetically costly (per gram) primary or secondary metabolites made by plants
(Gershenzon 1994). Therefore, continual turnover of caulerpenyne,
dihydrorhipocephalin, and similar terpenoid compounds in bryopsidalean algae would
impose a high cost for the chemical inhibition of fouling using these non-polar
metabolites.
Mechanical defense against fouling is well documented and takes place in a
variety of forms among the algae (Nylund and Pavia 2005). The unique coenocytic
construction of bryopsidalean algae provides an advantage over multicellular algae with
regard to mechanical means of removal of epibionts. In Avrainvillea longicaulis, the
cytoplasm of these large multinucleate cells can be withdrawn from fouled blades and
moved to new blades (Littler and Littler 1999). Simulation of fouling using artificial
epiphytes induced “blade abandonment” and the subsequent proliferation of new blades
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in situ (Littler and Littler 1999). Borowitzka and Larkum (1977) predicted that the
multiple cuticle system of another bryopsidalean genus, Halimeda, allows tissue to
slough off and be replaced as a defense against fouling. The mechanical anti-fouling
strategies of Avrainvillea and Halimeda are analogous to those seem in red algae, such as
Dilsea carnosa (Nylund and Pavia 2005) and many coralline crusts (Keats et al. 1997).
The data presented here and other evidence suggests that blade abandonment may be the
primary means by which bryopsidalean algae with a single cuticle (those other than
Halimeda) limit epibionts.
To my knowledge, this is the first study addressing surface metabolites in both
Penicillus and Udotea. However, there are some potentially conflicting results with
regard to surface metabolites in Caulerpa (Dobretsov et al. 2006; Nylund et al. 2007).
Dobretsov et al. (2006) found caulerpenyne was present in surface extracts of Caulerpa
racemosa var. turbinata at 0.01 µg/ml in GC-MS analysis. However, this concentration is
1000X lower than that needed to inhibit the settlement of Hydroides elegans larvae in the
same study. Also, these authors state that the effect of the dipping solvent on the alga was
evaluated by inspection of its epithelial cells with an epifluorescent microscope. Because
Caulerpa lack epithelial cells, it is possible the plants were damaged and leaking
metabolites from inside their cells into the surface extractions. In another study, nonpolar surface extracts of C. filiformis inhibited the settlement of spores of Polysiphonia
sp. and Ulva australis in bioassays (Nylund et al. 2007). However, the chemical makeup
of these extracts was not determined, so the active factor in the extracts is not known.
Additionally, no previous work has been done on the secondary chemistry of C. filiformis
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and in Caulerpa between-species variation exists in both type and concentration of
secondary compounds, so this point may not be trivial.
Here, secondary metabolites were not detected in the non-polar surface extracts of
four species of bryopsidalean algae (using the same surface-extraction method as the two
previous studies on surface metabolites in Caulerpa) while these compounds were
detected in the whole plant extracts. My results, coupled with previous studies on the
degradation of caulerpenyne and dihydrorhipocephalin in seawater and the evidence for
blade abandonment in Avrainvillea, clearly suggest non-polar secondary metabolites are
not deployed onto the surfaces of these algae as a defense against fouling.
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Table 4.1: Presence or absence of non-polar secondary metabolites in surface and whole tissue extracts as detected in 1HNMR spectra
of four rhizophytic green algal species. DCM = dichloromethane, EtOAc = ethyl acetate, MeOH = methanol, hex = hexane
Species

Location in FL

Collection date

Sample type

Solvent

Indian River Lagoon

20-Sep-07

Penicillus capitatus

Tarpon Springs

14-Sep-07

Caulerpa prolifera

Tarpon Springs

10-Mar-07

Udotea conglutinata

Tarpon Springs

10-Mar-07

Penicillus capitatus

Tarpon Springs

3-Aug-06

Udotea conglutinanta

Tarpon Springs

3-Aug-06

Caulerpa prolifera

St. Petersburg

2-Aug-06

whole plants
whole plants
surfaces
surfaces
whole plants
whole plants
surfaces
surfaces
whole plants
surfaces
surfaces
whole plants
surfaces
surfaces
whole plants
surfaces
whole plants
surfaces
whole plants
surfaces

100% DCM
1:1 EtOAc:MeOH
4:96% DCM:hex
100% DCM
100% DCM
1:1 EtOAc:MeOH
4:96% DCM:hex
100% DCM
100% DCM
4:96% DCM:hex
100% DCM
100% DCM
4:96% DCM:hex
100% DCM
1:1 EtOAc:MeOH
100% hex
1:1 EtOAc:MeOH
100% hex
1:1 EtOAc:MeOH
100% hex

Caulerpa sertularioides

Compounds
present?
yes
yes
no
no
yes
yes
no
no
yes
no
no
yes
no
no
yes
no
yes
no
yes
no
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0.5 mm
Figure 4.1: Scanning electron micrograph of the blade surface of Caulerpa prolifera
(200X)
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0.5 mm

Figure 4.2: Scanning electron micrograph of the siphon surface Penicillus capitatus (400X)
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0.5 mm

Figure 4.3: Scanning electron micrograph of siphon surfaces Udotea conglutinata (860X)
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Figure 4.4: Scanning electron micrograph (400X) of a Penicillus capitatus cap siphon
heavily fouled by primarily pennate diatoms
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APPENDIX A
HOLDFAST-HANDLING CONTROL EXPERIMENT

I examined the loss of sediment (% reduction in holdfast volume) from holdfasts
due to handling alone versus the amount of sediment lost by plants in each treatment of
the field experiment. Control samples were put through all of the same steps as field
samples with the exception of transplantation and time in the field. At Crystal Beach on 4
September 2010, 12 Halimeda incrassata and 12 Penicillus capitatus individuals were
collected, tagged, and their holdfasts measured as they had been in the experiment that
was set up 12 August 2010 at Crystal Beach. The stipes of six individuals of each species
were cut at approximately 1.5 cm above the top of the holdfast to create the holdfast
treatment as in the previous experiments. Three individuals of each treatment (whole
Halimeda, Halimeda holdfast, whole Penicillus, and Penicillus holdfast, total of 12 thalli
per replicate) were placed into a hard-sided container with fresh seawater and swum out
to the experimental area in a hard-sided container with fresh seawater and swum out to
the experimental plots. Plants and holdfasts were then moved from the hard sided
container, onto the sediment, and then into a whirlpak in the water. This procedure was
replicated twice (n = 2). The sealed whirlpaks were placed in a mesh diving bag and
remained there as plots from the field experiment were harvested to expose them same
amount of jostling as the experimental samples collected that day. Samples from the
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handling control and field experiments were then handled and processed in the same
manner as samples from previous experiments.
Mean percentage of the initial holdfast volume lost (Chapter 3, Table 3.3) was
then compared among treatments in the handling control experiment using one-way
ANOVA (F 3, 20 = 1.08, p = 0.382). After finding no difference between treatments in the
handling control experiment, values were pooled for a one-way ANOVA followed by
Dunnett’s Test comparing mean percentage of holdfast volume lost by the handling
control samples vs. that of all each experimental treatment concluded on 4 September
2010 (Chapter 3 text of Results, Table 3.3).
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APPENDIX B
SCANNING ELECTRON MICROGRAPH OF CAULERPA PROLIFERA RHIZOIDS

Figure A1: Scanning electron micrograph of Caulerpa prolifera rhizoids taken at 35X
magnification. Note the adhered sand grains in the upper half of the picture.
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